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fvf>Ort  X. 

The  monograph  discusses  questions  of  the 
theory  and  practice  of  making  welded  Joints  of 
aluminum  and  its  alloys  with  steel  of  various 
classes. - 

Thermodynamic  calculations  are  used  as  a 
basis  for  substantiating  the  selection  of 
elements  for  alloying  the  molten  pool  during 
welding  of  aluminum  to  steel.  Thermal  cycles, 
welding  procedures,  and  methods  of  testing  the 
steel/aluminum  joints  are  described.  Examples 
of  production  application  of  such  joints  are 
given.  if 

The  book  is  intended  for  specialists  in 
scientific  research  and  design  institutes  and 
also  for  engineering  and  technical  workers 
occupied  with  welding  problems. 


Responsible  Editor: 

Dr.  of  Technical  Sciences 
D.  M,  Rabkin 
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FOREWORD 

In  the  aeronautical  and  chemical  Industries,  machine  building, 
rocket  engineering,  shipbuilding,  and  other  fields  light  alloys  - 
especially  aluminum-based  alloys  such  as  AMts,  AMg5V,  AMg6 ,  ATsM, 
etc.  -  are  finding  ever  wider  application.  The  broad  utilization 
of  these  alloys  in  all  branches  of  the  national  economy  is 
facilitated  by  the  fact  that  in  addition  to  low  specific  weight 
they  possess  good  thermal  and  electrical  conductivity  in  combination 
with  relatively  high  specific  strength.  In  terms  of  specific 
strength  aluminum  alloys  surpass  copper-based  alloys  and  approach 
the  best  types  of  steels. 

However,  owing  to  the  fact  that  as  compared  with  structural 
steels  aluminum  alloys  have  lower  strength,  lower  melting  tempera¬ 
ture,  low  hardness,  '"cd  comparatively  poor  wear  resistance  their 
application  is  connected  with  an  increase  in  the  thickness  of  a 
number  of  structural  units,  Along  with  this  it  is  a  well-known 
fact  that  during  operation  any  structure  experiences  stresses 
which  are  different  in  mrgnitude  at  different  points:  at  certain 
places  the  maximum  permissible  value  of  stresses  is  achieved, 
while  in  other  points  stresses  are  virtually  absent.  Therefore 
a  combination  of  greatest  effectiveness  in  the  operation  of 
structures  with  a  simultaneous  reduction  in  weight  ct  1  s  achieved 
by  using  unlike  metals  in  different  sections  of  the  structure 
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in  accordance  with  the  stresses  which  arise  during  operation.  In 
this  respect  the  production  of  welded  steel/aluminum  combined 
structures  is  especially  suitable.  1 1  this  case  the  greatest 
possible  use  is  made  of  the  properties  inherent  to  each  metal. 

The  use  of  combined  welded  units  made  from  steel  and  aluminum 
would  also  make  it  possible  to  create  types  of  structures  which 
are  fundamentally  new  and  have  never  before  been  utilized.  For 
example,  in  building  oxygen  equipment  it  is  necessary  to  provide 
fixed  and  portable  vessels  for  liquified  gases  consisting  of  two 
vessels  -  an  outer  one  of  steel  Khl8N10T  and  an  inner  vessel  of 
the  aluminum-manganese  alloy  AMts.  The  use  of  such  vessels  would 
sharply  reduce  the  volatility  of  the  liquified  gases  and  conse-, 
quently  would  reduce  losses  both  during  storage  and  during 
transportation.  In  this  connection  the  need  arises  to  obtain 
strong,  tight  joints  which  will  ensure  retention  of  a  vacuum  in 
the  interwall  space. 

However,  the  production  of  welded  steel/alumiuum  joints  Is 
connected  with  major  difficulties.  As  yet  we  have  no  industrially 
substantiated  method  of  welding  aluminum  and  aluminum  alloys  to 
steels  of  different  types.  Existing  methods  of  welding  aluminum 
to  steel  provide  strength  of  the  combination  joint  which  is  no 
higher  than  the  strength  of  pure  aluminum.  At  the  same  time  a 
number  of  steel/aluminum  structures  can  be  sensibly  utilized  only 
if  the  strength  indices  are  at  the  level  of  strength  of  aluminum 
alloys  of  the  AMts,  AMg6 ,  etc.  type. 

The  goal  of  this  work  is  as  follows: 

1.  Study  of  the  special  features  of  the  interaction  of 
aluminum  with  steel  under  variable  temperature  and  time  factors, 
as  well  as  the  composition  of  the  interacting  metal;  investigation 
of  the  nature  of  the  phases  arising  during  welding  of  aluminum  to 
steel  and  a  search  for  a  method  of  alloying  and  for  other  conditions 
under  which  these  phases  will  not  be  formed. 
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2.  Using  results  of  research  to  develop  a  technology  for 
welding  aluminum  alloys  of  the  AMts,  AMg6,  etc.  types  to  the 
steels  St.  3  and  lKhl8N9T  to  ensure  production  of  effective  welded 
units;  investigation  of  the  properties  of  steel/aluminum  joints 
under  static  loads,  at  low  temperatures,  under  conditions  of  hard 
vacuum,  etc. 

3.  Investigation  of  the  corrosion  resistance  of  welded  joints 
and  methods  of  increasing  it . 

The  production  of  steel/aluminum  welded  joints  is  a  relatively 
new  technological  process  and  is  accompanied  by  complex  and  varied 
phenomena  along  the  transition  line.  Therefore  in  selecting 
research  methods  we  attempted  to  carry  out  complex  evaluation  of 
the  nature  of  the  occurring  processes  and  to  clarify  the  properties 
of  the  combined  joints  which  are  obtained.  The  following  were 
selected  as  the  principal  methods:  metallographic,  electron- 
microscope,  and  measurement  of  microhardness.  X-ray  studies  and 
mechanical  tests  were  also  carried  out;  the  distribution  of 
elements  in  the  fusion  zone  was  studied  by  means  of  a  microprobe, 
the  nature  of  destruction  was  investigated  on  the  MKU-1  microcinema 
projector,  etc. 

The  author  considers  it  his  pleasant  duty  to  express  his 
gratitude  to  Doctor  of  Technical  Sciences  D.  M.  Rabkin,  Candidate 
of  Technical  Sciences  I.  Ya.  Dzykovich,  and  Engineers  A.  V.  Lozov¬ 
skiy,  V.  I.  Yumatova,  and  L.  M.  Onopriyenko  for  assistance  in  the 
work  and  for  preparing  the  materials  for  this  monograph. 
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CHAPTER  I 


PRESENT  STATE  OF  THE  ART  IN 
WELDING  ALUMINUM  AND  ITS  ALLOYS 
TO  STEEL 


1.  Aluminum,  Iron,  and  Their 
Properties 

Fusion  welding  of  aluminum  to  steel  is  accompanied  by 
substantial  difficulties  caused  primarily  by  the  difference  in  the 
physicochemical  properties  of  the  welded  metals.  Table  1  [94,  201] 
presents  the  most  characteristic  physical  properties  of  aluminum 
and  iron. 

Table  1.  Physical  properties  of  aluminum  and  iron. _ 


Parameter 

Aluminum 

Iron 

Atomic  weight 

26.97 

55.85 

Atomic  volume  at  293°K,  cnrVg-atom 

10.00 

7.19 

Crystal  lattice  at  293°K 

fee 

bcc 

Atomic  radius,  X 

1.43 

1.26 

Density,  kg/m' 

2.699 

7.876 

Coefficient  of  linear  expansion  a*10”  , 

1/deg 

23.5 

11.9 

Melting  temperature,  °C 

660.2 

1539 

Specific  heat,  J/(kg*deg) 

894.52 

451.44 

Thermal  conductivity,  W/(m*deg) 

238.64 

71.17 

2 

Tensile  strength,  daN/mm 

7.0-10.0 

25 

Table  1  (Cont'd). 


Yield  point ,  daN/mm^ 

3.0 

20 

Relative  elongation,  % 

50 

30 

p 

Modulus  of  normal  elasticity,  daN/mm 

6960-7220 

20000-21550 

2 

Shear  modulus,  daN/mm 

2600-2730 

7800-8000 

Brinell  hardness,  daN/mm^ 

18 

60 

As  is  evident  from  the  data  in  the  table,  aluminum  has  a 
lower  density,  comparatively  low  melting  temperature,  and  satis¬ 
factory  thermal  and  electrical  conductivity.  An  outstanding 
feature  of  aluminum  is  its  ability  to  react  intensively  with 
oxygen.  The  reducing  capacity  of  aluminum  is  extremely  high  [156]. 
Aluminum  is  easily  oxidized  in  air  even  at  room  temperature. 

Despite  its  great  density  as  compared  with  aluminum  (2.85-3*95 
kg/m  }  the  oxide  film  on  aluminum  is  easily  maintained  on  the 
surface  of  the  liquid  metal  by  the  force  of  surface  tension;  this 
is  one  of  the  major  obstacles  during  welding  of  aluminum  to  steel 
and  to  other  metals  [119].  Aluminum  Is  a  typical  electronegative 
element:  in  ordinary  conditions  it  does  not  form  continuous  solid 
solutions  with  any  other  element  (Pig.  1). 

Limited  solid  solutions  based  on  aluminum  (with  lithium, 
magnesium,  copper,  zinc,  etc.)  consist,  as  a  rule,  of  small  or 
moderate  concentrations.  In  high  concentrations  aluminum  is 
dissolved  in  other  metals,  especially  in  the  transition  metals 
[72]. 


As  the  most  electronegative  metal,  aluminum  can  form  compounds 
with  many  electropositive  metals;  those  are  called  aluminides. 
Aluminum  will  form  with  a  given  element  a  number  of  compounds  of 
different  stoichiometric  composition;  the  latter  is  frequently 
complex  -  e.g.,  V^AI^,  MoAl^*  ReAl-^,  etc. 
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Aluminum  is  used  in  industry  both  in  pure  form  (in  chemical 
machine  building,  electrical  engineering,  the  food  Indus. try)  and 
in  the  form  of  alloys.  Aluminum-based  allots  are  finding  ever 
wider  application.  This  is  explained  by  the  fact  that  aluminum 
alloys,  like  aluminum,  are  low  in  weight  and  possess  satisfactory 
thermal  conductivity  and  strength  [  3^  ]  - 

The  chemical  composition  and  mechanical  properties  of 
aluminum  alloys  which  are  typical  of  a  number  of  the  most  widely 
used  A1  alloys  in  the  manufacture  of  a  wide  variety  of  welded 
structures  are  given  in  Table  2. 

Iron  is  an  element  of  group  VIIIA  of  the  periodic  system;  it 
is  a  transition  metal  with  an  Incomplete  d-shell  and  it  has  several 
crystal  modifications.  The  latter  fact  determines  particular 
features  of  its  Interaction  with  other  elements. 

a-Iron  with  a  body-centered  cubic  lattice  and  y-iron  with  a 
face-centered  cubic  lattice  are  considered  to  be  the  basic  modifi¬ 
cations  of  iron.  The  high-temperature  modification  6-iron  has  a 
structure  which  is  similar  to  that  of  a-iron.  a-Iron  forms 
continuous  solid  solutions  with  only  two  Isomorphic  elements 
(V  and  Cr).  a-Iron  forms  limited  solid  solutions  of  various 
concentrations  and  also  compounds  with  many  elements  (Fig.  2). 

The  y-modification  will  form  continuous  solid  solutions  with  a 
famll'  of  elements  (Mn,  Co,  Rh,  Ir,  Ni,  Pd,  Pt)  located  close  to 
it  In  the  periodic  system  and  which  are  isomorphic  in  structure. 

A  large  number  of  elements  form  limited  solid  solutions  with 
Y-iron.  These  include  elements  which  are  somewhat  removed  from 
iron  in  the  periodic  system  and  which  have  different  crystal 
structure  and  differences  in  atomic  radii  as  compared  with  iron. 
Gamma-iron  forms  compounds  with  the  majority  of  elements.  There 
are  many  elements'  with  which  iron  does  not  interact.  These  include 
elements  of  group  IA  (Li,  Na,  K,  Cs,  Rb ,  Fr) ,  group  IIA  (Mg,  Ca,  Sr, 
Ba)  and  certain  elements  in  groups  IB,  IIB,  IIIB,  IVB  and  VB  (Ag, 

Hg,  Tl,  Pb,  Bi). 


Remark .  Density  of  aluminum  alloys,  g/cm0 :  AMts  -  2.73;  AMg  -  2.7;  AMg3 
2.67;  AMg5V  -  2.65;  AMg 6  -  2.6h. 


While  iron  is  used  in  technically  pure  form,  it  is  applied 
especially  broadly  i.i  various  alleys  with  other  elements.  It  is 
easily  oxidized,  forming  a  number  of  oxides  with  different 
valences.  The  intensity  of  iron  oxidation  in  air  increases  sharply 
when  it  is  heated  above  140-150°C.  In  the  presence  of  moisture 
iron  becomes  covered  with  corrosion  products  consisting  of  iron 
oxides  and  water.  Numerous  types  of  steel  with  different  properties 
are  formed  on  the  basis  of  iron.  The  chemical  composition  and 
mechanical  properties  of  certain  of  these  steels  are  given  in 
Table  3- 

Steels  of  two  types  -  St .  3  and  lKhl8N9T  -  were  selected  from 
the  great  number  of  contemporary  steels;  these  are  felt  to  be 
typical  representatives  of  two  classes  of  steels.  Armco  iron 
( 0 .03%  C),  steel  08  kp  (up  to  0.1#  C)  and  certain  other  steels 
were  used  in  the  experiments  to  clarify  the  role  of  carbon. 

In  comparison  with  low-carbon  and  austenitic  steels,  aluminum 
has  higher  thermal  conductivity  (5-8  times)  and  about  half  the 
volume  heat  capacity.  Therefore  the  effectiveness  of  heating  and 
melting  by  local  heat  sources  depends  essentially  on  the  regime 
parameters . 

As  is  known,  the  coefficient  of  thermal  conductivity  of  a  metal 
depends  on  its  chemical  composition,  structure,  and  temperature. 

The  value  of  this  coefficient  for  iron  and  for  carbon  and  low-alloy 
steels  is  reduced  with  an  increase  in  temperature,  while  for 
stainless  steels  of  the  austenite  class  it  is  increased.  At  room 
temperature  the  coefficients  of  thermal  conductivity  for  steels  of 
various  types  will  differ  significantly,  but  as  temperature 
increases  the  differences  between  them  are  smoothed. 

Values  of  coefficients  of  thermal  conductivity  for  aluminum  ADI, 
the  aluminum-manganese  alloy  AMts ,  and  the  aluminum-magnesium  alloys 
AMg3,  AMg5V,  and  AMg6  differ  more  sharply  from  one  another.  Alloying 
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of  aluminum  with  manganese,  mag¬ 
nesium,  copper,  and  other  elements 
causes  a  reduction  in  values  of 
coefficients  of  thermal  conductivity. 
The  thermal  conductivity  of  aluminum 
and  its  alloys  is  increased  with 
an  increase  in  temperature,  in 
contrast  to  other  metals.  The 
substantial  differences  in 
coefficients  of  thermal  conductivity 
[128,  1^9-151]  and  in  heat  capacity 
for  aluminum  alloys  and  steels  are 
illustrated  on  Figs.  3  and 
respectively. 


Fig.  3.  Coefficient  of  thermal 
conductivity  for  aluminum 
alloys  and  steels  as  a  function 
of  temperature. 

The  difference  in  the  values 
of  coefficients  of  linear  expansion 
between  joined  metals  causes  the 
appearance  of  large  thermal 
stresses  a-1  ng  the  line  of 
transition  from  steel  to  aluminum. 
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Figure  5  shows  a  graph  of  the  coefficient  of  linear  expansion  for 
ADI  aluminum,  alloy  AMts,  and  steels  of  types  08kp  and  lKhl8N9T  as 
functions  of  temperature;  this  difference  is  clear  from  the  figure 
[150,  201].  If  we  trace  the  changes  in  the  magnitudes  of  the 
coefficient  of  linear  expansion  in  the  low-temperature  region  - 
e.g.,  0-196°C  -  it  is  possible  to  note  a  greater  '’shortening"  of 
aluminum  as  compared  with  steel  lKhl8N9T;  in  the  case  of  certain 
types  of  welded  joints,  for  example  tubular  telescoping  joints, 
this  can  be  a  favorable  factor. 
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Fig.  4.  Heat  capacity  of  aluminum  alloys  and  steels  as  a 
function  of  temperature. 


Fig.  5.  Coefficient  of  linear  expansion  for  aluminum,  the 
alloy  AMts,  and  steels  as  a  function  of  temperature. 

KEY:  (1)  Pure  aluminum  (99-996%);  2  -  Alloy  AMts. 


2.  Some  Data  on  the  Fusion  Welding 
of  Unlike  Metals 


When  metals  with  different  physicochemical  properties  are 
welded  the  properties  of  the  welded  metal  will,  as  a  rule,  be 
lower  than  the  properties  of  the  metals  being  Joined.  Therefore 
tne  principal  goal  in  welding  unlike  metals  is  directional  control 
of  diffusion,  thermal  and  other  physicochemical  processes  which 
ensure  the  required  properties  of  the  weld  and  of  the  welded 
joints . 
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At  present  no  generally  accepted  positions  have  been  developed 
concerning  the  conditions  which  determine  the  possibility  of  welding 
unlike  metals. 

A  number  of  studies  have  been  concerned  with  the  processes 
of  the  formation  of  strong  bonds  between  unlike  metals  [116,  17*0. 
These  processes  can  tentatively  be  divided  into  two  stages: 

1)  preparatory,  when  the  substances  to  be  joinea  are  brought 
together  at  the  distance  required  for  interatomic  interaction 
and  the  surfaces  are  prepared  for  the  interaction.  The  surfaces 
can  be  brought  together  in  various  ways:  in  the  wetting  process, 
when  there  is  a  liquid  phase  which  wets  the  surface  of  the  solid 
material;  in  the  process  of  combined  plastic  deformation  of  two 
solid  substances  or  of  one  of  them,  and  also  as  a  result  of  surface 
diffusion  transfer  of  atoms  between  these  solids; 

2)  the  final  stage,  leading  to  the  formation  of  a  strong 
joint.  In  the  case  of  joining  pure  metals  or  solid  solutions  the 
processes  of  forming  strong  bonds  reduces  to  collectivization 
(collecting)  of  valence  electrons  by  positive  ions,  which  results 
in  the  appearance  of  a  strong  metallic  bond  between  systems  of 
atoms  forming  the  crystal  lattice. 

The  types  of  bonds  between  unlike  materials  vary  widely. 
Considering  the  special  features  of  joining  aluminum  to  steel  which 
will  be  described  below,  one  should  assume  the  possibility  of  the 
formation  of  a  strong  metallic  bond  and  also  partial  formation  of 
a  bond  of  the  covalent  type,  since  in  a  number  of  cases  the  metals 
react  with  intermetallides  (with  chemically  bonded  metals). 

The  occurrence  of  processes  of  electron  interaction  in  the  region 
of  contact  of  the  metals  to  be  joined  requires  determination  of  the 
magnitude  of  the  energy  required  t  activate  the  state  of  the 
surfaces  [95 »  127].  This  may  be  en  r'gy  imparted  in  the  form  of 
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heat,  mechanical  energy  of  elastoplastic  deformation,  etc.  Its 
selection  is  determined  by  the  technological  parameters. 

It  is  noted  in  the  literature  [105,  130,  173 j  that  the 
possibility  of  the  formation  of  a  metallic  bond  between  particles 
of  metals  to  be  joined  -  i.e.,  the  ability  of  the  metals  to  be 
welded  to  one  another  -  is  determined  by  the  structure  of  their 
atoms,  the  types  and  parameters  of  their  crystal  lattices,  and 
also  by  other  factors  which  determine  the  chemical  affinity  between 
the  metals  being  joined.  Welded  joints  are  formed  most  easily 
between  metals  and  alloys  whose  composition  inclines  elements  which 
possess  unlimited  mutual  solubility  in  both  the  liquid  and  solid 
states  -  i,e.,  which  form  continuous  series  of  solid  solutions 
[160]. 

Unlimited  mutual  solubility  of  the  metals  requires  the 
following  basic  conditions  [46,  111]:  the  metals  should  have 
identical  crystal  lattices;  if  the  metals  are  polymorphous  unlimited 
solubility  will  be  observed  only  between  their  isomorphic  modifi¬ 
cations  -  e.g.,  y-Fe  and  $-Co  with  a  face. -centered  cubic  lattice. 

It  follows  that  one  should  strive  toward  the  maximum  possible 
similarity  in  the  tyro  and  parameters  of  the  crystal  lattices,  and 
toward  the  appropriate  reflection  of  angles  of  lattice  disorientation 
of  the  phases  relative  to  the  interface  [98]. 

Experiments  have  shown  that  during  direct  welding  of  metals 
which  have  the  same  crystal  structure  with  similar  lattice  param¬ 
eters  and  similar  electrochemical  properties  it  is  possible  to 
obtain  welded  joints  with  mechanical  properties  which  are  similar 
to  those  of  the  metals  being  welded.  As  a  characteristic  example 
we  can  cite  the  welding  of  metals  based  on  copper  (copper  M2., 
chrome  bronze  BrKb05)  and  nickel,  which  form  a  series  of  solid 
solutions . 
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In  works  by  N.  V.  Ageyev  [1],  I.  I.  Kornilov  [72],  and 
other  investigators  [*J2]  it  is  noted  that  one  of  the  most  important 
conditions  for  the  formation  of  solid  solutions  by  elements  is  a 
difference  in  their  atomic  diamet'  ’s  of  no  more  than  15-16?.  In 
this  case  the  crystal  lattice  of  iron  has  maximum  deformation. 

During  diffusion  into  iron  of  elements  for  which  the  difference  in 
atomic  diameters  exceeds  15-16?  the  distortions  in  the  crystal 
lattice  of  the  solvent  metal  are  excessively  great  and  lead  to 
strains  which  cause  rupture  of  its  atomic  bonds  and,  consequently, 
destruction  of  a  solid  body. 

Analyzing  results  from  research  on  the  pairs  of  metals  which 
we  selected,  one  can  note  that  the  difference  in  parameters  of  the 
crystal  lattice  for  aluminum  and  a-iron  comprises  about  22?,  while 
that  between  aluminum  and  y-iron  is  about  12?.  Besides  this,  during 
interaction  of  aluminum  with  y-iron  under  conditions  of  elevated 
temperatures  the  crystal  lattice  is  of  Identical  type  in  the  two 
metals.  One  should  therefore  expect  that  welding  of  aluminum  to 
stainless  steel  will  occur  under  more  favorable  conditions  than 
welding  of  aluminum  to  low-carbon  steel. 

Nickel,  manganese,  molybdenum,  chromium,  tantalum,  niobium, 
vanadium,  germanium,  and  gallium  show  differences  in  atomic 
diameters  of  less  than  15?;  copper,  zinc,  titanium,  silicon, 
germanium,  tin,  tantalum,  chromium,  and  nickel  moreover  possess  a 
certain  solubility  in  both  aluminum  and  iron. 

From  analysis  of  Figs.  1  and  2  it  follows  that  only  a  limited 
quantity  of  elements  (23-25)  can  be  regarded  as  "plasticizers"  for 
the  iron-aluminum  system  and  for  iron/aluminum  compounds  (this 
number  does  not  include  the  lanthanide  group).1 

JThe  introduction  of  other  elements  is  either  inadvisable 
(gases,  salts,  artificially  prepared  elements),  difficult  due  to 
their  toxicity  (Po,  Hg,  etc.),  or  economically  unsound  (Au,  Pt,  Ge, 
etc.).  Certain  elements  (W,  Ge,  etc.)  represent  analogs  of  those 
studied  (Mo,  Si,  etc.). 
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The  particular  features  noted  above  serve  as  the  basis  for 
selecting  the  alloying  systems  for  the  welding  pool  and  the  types 
of  coatings  on  the  steel. 

Attention  should  be  directed  toward  the  fact  that  the  relative 
dimensions  of  atomic  diameters  and  the  solubility  of  different 
elements  in  iron  will  vary  as  a  function  of  temperature  [42]. 

We  will  list  the  basic  factors  which  determine  the  temperature 
dependence  of  the  solubility  of  elements  in  iron. 

1.  Relative  change  in  the  dimensions  of  the  atomic  diameters. 

2.  Change  in  coefficients  of  linear  expansion.  If  the 
difference  between  atomic  diameters  and  the  difference  between  the 
coefficients  of  linear  expansion  grows,  solubility  remains  virtually 
unchanged.  The  aluminum-iron  (steel)  pair  is  extremely  indicative 
in  this  respect:  the  coefficient  of  linear  expansion  for  aluminum 
amounts  to  23.5*10~^  and  that  for  iron  is  11.9*10~^  at  room  tempera- 

r  £ 

ture;  the  values  at  500°C  are  31.1'10  and  14.3*10  .  There  is  a 

corresponding  growth  in  the  difference  of  atomic  diameters  [at 
higher  temperature],  and  as  a  result  there  is  no  essential  change 
in  the  solubility  of  aluminum  in  iron.  Thus,  for  example,  at 
room  temperature  the  solubility  of  aluminum  in  Iron  comprises  32$, 
while  at  1232°C  the  value  is  35$.  This  can  apparently  explain  the 
absence  of  any  positive  effect  from  preheating  of  the  steel  when 
aluminum  and  steel  are  welded. 

The  electrochemical  properties  (electron  affinity)  must  not 
differ  strongly,  since  if  they  do  the  formation  of  intermetallic 
compounds  is  possible;  as  a  rule  these  embrittle  the  metal  in  the 
weld  zone.  This  condition  is  usually  observed  with  metals  which 
fall  in  the  same  group  or  in  contiguous  related  groups  in  the 
periodic  system  of  elements. 
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Correct  selection  of  the  means,  conditions,  and  technology  of 
welding  In  combination  with  metallurgical  operating  means  will  in 
the  majority  of  cases  make  it  possible  to  either  eliminate 
completely  or  reduce  to  a  minimum  the  harmful  consequences  of 
limited  solubility  [79,  80,  108]. 

Thus,  complex  processes  occur  on  the  fusion  boundary  between 
unlike  metals  and  the  study  of  these  processes  both  experimentally 
and  theoretically  [98,  109,  122,  174]  is  fraught  with  difficulty. 

.'t  present  two  basic  directions  have  been  marked  in  the 
solution  of  the  problem  of  joining  metals  with  differing  properties: 
i)  welding  with  predominant  melting  of  one  metal;  2)  the  application 
of  intermediate  metals. 

Joining  of  aluminum  to  steel  is  a  characteristic  example  of 
the  first  direction.  Here  the  basic  problem  consists  in  reducing 
to  a  minimum  or  completely  eliminating  the  formation  of  brittle 
compounds  in  the  weld  metal.  Weeding  without  melting  of  the 
refractory  metal  is  the  most  promising  from  this  point  of  view; 
this  involves  melting  only  the  metal  with  the  lower  melting 
temperature  when  two  metals  with  different  melting  points  are 
fused.  Sometimes  such  melting  is  called  braze-welding  [58].  During 
braze-welding  liquid  metal  interacts  with  solid  metal.  The  major 
physicochemical  processes  occurring  during  the  interaction  of 
the  materials  to  be  welded  are  as  follows:  wetting  of  the  solid, 
surface  of  unfused  metal  by  the  liquid  metal  (adhesion);  flow  of 
the  liquid  metal  over  the  surface  of  the  solid,  during  which 
surface  diffusion  occurs  (establishment  of  physical  contact)  [17*0; 
dissolution  of  the  refractory  metal  in  the  liquid  metal.  The 
first  two  processes  art  necessary  for  the  formation  of  a  weld, 
while  the  last  one  determines  the  quality  of  the  welded  joint  and 
its  properties. 
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While  the  possibility  of  separate  regulation  of  temperature 
and  time  parameters  exists  during  calorizing,  zinc  coating,  and 
immersion  brazing,  during  welding  these  parameters  are  mutually 
connected  and  are  determined  primarily  by  the  welding  conditions. 

The  second  method  is  used,  for  example,  in  joining  titanium 
to  steels:  welding  is  accomplished  through  an  intermediate  metal 
(vanadium)  or  through  two  layers  in  the  form  of  tantalum  (on  the 
titanium  side)  and  nickel  (on  the  steel  side)  [51];  copper  alloys 
can  be  joined  with  titanium  through  tantalum  [153] • 

Generalized  data  on  the  weldability  of  a  number  of  unlike 
metals  have  been  published  by  M.  V.  Poplavko  [113],  A.  S.  Mikhaylov, 
L.  G.  Strizhevskaya,  D.  Young  and  A.  Smith  [2^7]  and  by  other 
investigators  [190],  Of  particular  interest  is  one  of  the  new 
methods  of  joining  unlike  metals,  proposed  by  F.  Zimmer  [2^8]. 

Considering  the  available  data  on  welding  of  aluminum  to  steel, 
one  can  draw  a  preliminary  conclusion  regarding  the  difficulties 
of  joining  these  metals  due  to  the  following  factors: 

a)  the  great  difference  in  melting  temperatures  of  aluminum 
and  steels; 

b)  the  great  difference  in  the  coefficients  of  linear 
expansion  of  the  metals  to  be  joined,  which  leads  to  the  appearance 
of  substantial  thermal  stresses  along  the  line  of  transition  from 
steel  to  aluminum; 

c)  the  significant  difference  between  the  thermal  conductivity 
and  heat  capacity  of  the  joined  metals,  which  also  gives  rise  to 
the  appearance  of  thermal  stresses; 

d)  the  presence  of  the  refractory  oxide  film  of  Al^O^, 
creating  inclusions  in  the  weld  itself.  Special  fluxes  are  used 
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to  dissolve  them.  The  fluxes  used  during  welding  of  aluminum  are 
low-melting,  highly  fluid,  and  do  a  poor  job  of  wetting  the  weld 
surface  on  the  steel;  because  of  this  they  are  unsuitable  for 
welding  the  given  metal.  Correspondingly,  the  standard  fluxes 
used  to  weld  steel  will  react  with  liquid  aluminum,  sharply 
disturbing  its  composition.  Therefore  these  too  cannot  be  used 
directly  during  the  welding  of  steel  to  aluminum.  However,  the 
major  obstacle  is  the  chemical  interaction  of  these  metals,  leading 
to  irreversible  formation  of  intermetallic  compounds  along  the 
transition  line.  We  will  pause  to  consider  this  matter  in  more 
detail. 

Aluminum-iron  phase  diagrams  and  certain  other  diagrams  can 
be  used  as  the  basis  for  a  preliminary  judgement  concerning  the 
structures  formed  during  fusion  welding  in  steel/aluminum  joints, 
the  properties  of  steels  containing  aluminum,  and  the  properties 
of  aluminum  alloys  containing  iron, 

As  is  evident  from  the  Fe-Al  phase  diagram  [33]  (Fig.  6a), 
aluminum  forms  solid  solutions,  intermetallic  compounds,  and  a 
eutectic  with  iron.  The  solubility  of  iron  in  solid  aluminum  is 
extremely  insignificant;  the  boundary  of  the  solid  solution  of 
iron  in  aluminum  at  225-600°C  is  found  at  an  iron  content  cf 
0.01-0.022%.  The  solubility  of  iron  in  aluminum  at  the  eutectic 
temperature  (654°C)  amounts  to  0.053%  [231],  and  according  to  data 
in  work  [46]  at  450°C  it  is  about  0.002%.  Iron  does  not  dissolve 
at  all  in  aluminum  at  room  temperature  [68]. 

Even  with  Insignificant  quantities  of  introduced  iron, crystals 
of  the  compound  FeAl^  (59.18%  Al)  will  appear  in  the  structure 
of  alloys  of  aluminum  with  iron  in  the  case  of  hardening.  With  an 
iron  content  up  to  1.8%  and  temperature  of  654°C  the  eutectic 
Al+FeAl^  is  formed.  With  a  further  increase  in  the  iron  content  in 
the  alloys  chemical  compounds  will  appear:  Fe2Aly  (62.93%  Al), 
Fe2Al5  (54.71%  Al),  FeAl^  (49.13%  Al),  FeAl  (32.57%  Al),  etc.  Of 
these  compounds,  only  Fe^Al^  melts  at  a  definite  temperature. 
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aluminum-iron  alloys  as  a  function  of  iron 
content  (b)  (per  A.  Ye.  Vol);  and  the  change  in 
mechanical  properties  of  iron-aluminum  alloys 
as  a  function  of  aluminum  content  (c)  (per 
S.  Keys  and  K.  Van  Horn). 

KEY:  (1)  Liquid. 


Iron  in  aluminum  alloys  is  always  present  in  the  form  of 
chemical  compounds;  this  determines  the  mechanical  properties  and 
workability  of  the  alloys.  The  introduction  of  iron  causes  an 
increase  in  ultimate  strength  and  hardness  and  a  sharp  drop  in 
ductility  of  aluminum  (Fig.  6b).  Iron-aluminum  alloys  containing 
8-10%  Fe  possess  insignificant  ductility  and  those  even  richer  in 
iron  are  very  brittle;  because  of  this  they  have  not  found  practical 
application  at  present  [70,  71,  141,  152,  186]. 
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In  connection  with  the  contradictory  literature  data  on  the 
compounds  forming  in  the  system  Pe-Al  [13,  185],  we  carried  out  a 
preliminary  investigation  of  this  system  in  order  to  obtain 
standard  Debye  powder  diagrams  of  the  system  phases,  data  on  the 
lattice  constants  of  the  a-phase  as  a  function  of  the  quantitative 
content  of  aluminum  in  it,  and  to  refine  the  degree  of  solubility 
of  aluminum  and  iron  in  welds.  For  this  purpose  we  used  the 
classical  method  of  physicochemical  analysis  connected  with  the 
construction  of  diagrams  of  phases  vs.  properties  in  the  section 
corresponding  to  a  high  concentration  of  iron  in  aluminum.  The 
method  of  X-ray  phase  analysis  (powder  method)  was  used  [172].  The 
X-ray  patterns  were  photographed  on  the  ‘JRS-55  apparatus  in  a 
Debye  chamber  (diameter  57.3  im)  in  chromium  radiation  (CrK).  This 
chamber  was  used  to  carry  out  phase  analysis  and  determination  of 
crystal  structures  and  to  perform  precision  measurements  of  the 
lattice  constant. 

The  lattice  constants  were  calculated  according  to  X-ray 
diagrams  with  asymmetric  backing  of  the  film  (per  Straumanis  [22, 
50].  For  this  purpose  a  number  of  alloys  were  prepared  in  an  arc 
furnace  from  pressed  briquettes  of  high-purity  carbonyl  iron 
(99.98#  Fe,  remainder  C,  Ni)  with  small  pieces  of  AV000  aluminum 
(aluminum  content  no  less  than  99*990#)  in  an  atmosphere  of 
technical  helium.  For  better  mixing  of  the  liquid  components, 
smelting  in  the  arc  furnace  was  carried  out  at  temperatures  close 
to  the  boiling  point  of  aluminum.  Total  miscibility  of  the 
components  was  achieved  by  double  remelting.  During  cooling  the 
alloys  underwent  cracking  [splitting]  in  the  interval  of  concen¬ 
trations  corresponding  to  the  presence  of  Fe^Al^  and  FeAl^ 
(especially  Fe2Al^) .  The  remaining  alleys  were  not  destroyed. 

Both  cast  and  annealed  specimens  of  iron-aluminum  alloys  were 
subjected  to  X-ray  analysis.  In  order  to  achieve  phase  and  also 
concentration  equilibrium  it  ’was  necessary  to  use  heat  treatment: 
specimens  of  alloys  with  a  polished  surface  were  placed  in 
evacuated  quartz  ampules  and  annealed  at  500  and  800°C  for  1500  and 
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700  h,  respectively.  The  quantitative  composition  of  the  speci¬ 
mens  was  monitored  by  chemical  analysis  [5]. 

X-ray  phase  analysis  of  alloys  of  the  Fe-Al  system  (Table  4) 
confirms  the  existence  in  this  system  of  the  intermetallic  compounds 
FeAl^,  FepAl^-,  FeAlp,  FeAl  and  also  the  presence  of  a  wide  region 
of  solid  solution  based  on  a-Fe  (a-phase)  [168].  X-ray  patterns 
of  these  phases  are  shown  on  Fig.  7. 


Table  4.  Data  from  X-ray  and  chemical  analysis  of  iron-aluminum 
alloys . _ 


Content  of  Fe 
in  the  alloy 
per  charge  , 
wt .  % 

Annealing 
temperature , 

'  "  l 

Content 

of  Fe  in 

the 

alloy, 

chemical 

analysis 

wt .  % 

! - 

Phase  composi¬ 
tion  of  the 

Lattlce0con- 
stant,  A 

°C 

specimens 

a-phase 

FeAl 

type 

CsCl 

94. 91 

Cast 

95.10 

n 

2.880 

500 

94.23 

a 

- 

— 

800 

95.02 

a 

- 

- 

91.19 

Cast 

90.87 

a 

2.893 

— 

1! 

86.18 

a 

2.904 

- 

86.14 

500 

85.94 

a 

800 

86.28 

a 

— 

— 

Cast 

82.98 

a 

2.911 

- 

82.85 

500 

82.94 

a 

_ 

— 

800 

82.67 

a 

- 

- 

75.64 

Cast 

75.59 

a  +  FeAl 

2.923 

2.905 

I! 

67.33 

FeAl  +  a  +  FeAlp 
(traces) 

2.925 

2. 906 

67.44 

500 

67.20 

FeAl  +  FeAlp 
(traces) ' 

— 

— 

800 

67.18 

FeAl  +  FeAlp 
(traces)^ 

— 

— 

57.99 

Cast 

57.90 

FeAl  +  FeAlp 

- 

- 

500 

58.41 

FeAl  +  FeAlp 

- 

- 

800 

58.02 

FeAl  +  FeAlp 

- 

- 

50.86 

Cast 

50-93 

FeAl? 

- 

- 

500 

51.07 

FeAlp 

- 

- 

800 

50.67 

FeAlp 

“ 
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Table  4  (Cont’d). 


47.91 

Cast 

47.60 

Fe0Alr  +  FeAl„ 

25  2 

- 

- 

500 

48.23 

Fe2Al^  +  FeAl2 

- 

- 

800 

48.11 

Fe0Al,_  +  FeAl,. 

2  5  2 

- 

- 

45.29 

Cast 

45.28 

Fe2Al5 

- 

- 

500 

45.20 

Fe2A15 

- 

- 

1 

1 

800 

45.16 

Fe2Al5 

- 

- 

45.95  ; 

Cast 

42.79 

Fe„Alc  +  FeAl., 

2  5  3 

- 

- 

500 

43.03 

Fe2Al,_  +  FeAl^ 

- 

- 

00 

0 

0 

42.65 

Fe2Alt.  +  FeAl^ 

- 

- 

Cast 

41.07 

FeAl^  +  Fe2Al,- 

- 

- 

5  0 

40.50 

i'eAl-  +  Fe-Al,- 
3  25 

(traces ) 

— 

— 

40.83 

800 

40.68 

FeAl3 

- 

- 

Cast 

29.64 

FeAl3  +  A1 

- 

- 

29.27 

500 

30 .14 

FeAl3  +  A1 

• 

“ 

Information  on  ternary  phase  diagrams  Fe-Al-x  is  extremely 
scarce  [195,  247].  K.  Leberg  and  V.  Shmidt  carried  out  a  study  of 
the  ternary  system  iron-aluminum-carbon  using  procedures  o"  thermal, 
microscopic,  and  X-ray  analysis  [228].  They  studied  systems 
containing  up  to  20$  aluminum  and  up  to  1%  carbon.  The  authors 
demonstrated  that  the  nature  of  equilibrium  in  the  iron  corner  of 
the  ternary  system  iron-aluminum-carbon  is  determined  by  separation 
of  the  ternary  carbide  K,  whose  composition  was  not  definitively 
clarified.  The  phase  diagram  for  aluminum-iron-silicon  is  complex 
and  has  not  been  adequately  studied  [87].  The  region  of  the 
ternary  solid  solution  a  of  the  aluminum  corner  is  extremely 
insignificant . 

During  diffusion  of  iron  in  aluminum  containing  silicon  the 
formation  of  the  following  phases  in  a  diffusion  layer  Is  possible, 
depending  on  the  concentration  of  the  indicated  component:  a  solid 
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Fig.  7.  X-ray  patterns  of  aluminum  and  binary  iron-aluminum 
alloys:  a)  A1  on  Cr;  b)  Fe,Al;  c)  FeAl ;  d)  FeAl„;  e)  Fe„Alc; 
f)  FeAl^.  J  d  5 

solution  of  a-(AlFeSi)  on  an  aluminum  base,  cx  +  FeAl^,  a  +  Fe^Al^, 

a  +  FeSiAlf.  and  a  +  FeSiAl,.  +  Si  . 

5  5 

!  .  Study  of  a  system  of  three  components,  aluminum-iron-zinc, 

was  carried  out  by  E.  Gebhardt  [1951.  Initial  materials  for 
preparing  the  alloy  were  zinc  (99-99%) ,  aluminum  (99.995?),  and 
armco  iron  (99.95%) . 

1 

Alloys  containing  less  than  10#  iron  can  be  obtained  by 
smelting  pure  metals  under  a  layer  of  flux  in  unglazed  porcelain 
crucibles.  It  was  substantially  more  difficult  to  prepare  alloys 
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containing  more  than  1056  iron,  since  the  higher  temperatures  of  the 
liquidus  for  these  alloys  lead  to  the  beginning  of  evaporation 
of  the  zinc.  Preparation  of  alloys  in  closed  crucibles  led  to 
explosion. 

3-  Properties  of  Intermetallic 
Compounds  of  the  Aluminum-Iron 
System  and  Certain  Laws  Governing 
Their  Formation 

As  has  been  noted,  the  major  obstacle  in  joining  aluminum  to 
steel  (besides  the  substantial  differences  in  the  physicochemical 
properties  of  the  joined  metals)  is  the  formation  of  intermediate 
compounds  -  intermetallic  phases  of  the  FenAlm  type  -  during 
contact  heating  ahove  certain  temperatures  [229,  2^53-  Depending 
upon  composition,  these  intermediate  compounds  possess  ordered  or 
unordered  crystal  structures;  certain  of  them  have  definite 
chemical  compositions  and  others  dissolve  a  substantial  quantity 
of  their  own  components,  as  a  result  of  which  they  form  homogeneous 
regions  (in  a  certain  interval  of  concentrations). 

Intermetallic  compounds  possess  the  following  physical 
properties:  brittleness  and  high  hardness  with  respect  to  the 
hardness  of  their  constituent  components.  Although  many  inter¬ 
metallic  phases  are  known  in  aluminum,  there  are  few  data  on  their 
properties.  In  certain  cases  the  crystal  structure  is  known,  but 
information  on  it  is  frequently  contradictory.  Study  of  mechanical 
properties  is,  as  a  rule,  limited  to  measurement  of  microhardness 
of  these  compounds  in  the  aluminum  matrix. 

The  strength  properties  of  intermetallic  iron-aluminum  phases 
in  pure  form  have  not  been  studied,  owing  to  the  difficulty  of 
obtaining  these  substances.  Only  limited  information  is  available 
[27,  29]  on  the  properties  of  tb»  transition  layers  obtained  during 
casting  of  bimetallic  compounds;  rupture  strength  on  the  order  of 

3-^  daN/mm  ;  shear  strength  up  to  7  daN/mm  ;  impact  toughness  of 

2 

0.008-0.01  MJ/m  ,  and  other  characteristics,  given  in  Table  5. 
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Table  5.  Certain  properties  of  Intermediate  compounds  FenAlm< 


Alloy 

A1  con¬ 
tent,  % 

Microhardness 

Density 

Linear 
coefficient 
of  thermal 
expansion, 

a  •10“^,  1/deg 

measured 

litera¬ 

ture 

data 

measured 

literature 

data 

Fe^Al 

13-9 

250-350 

340 

6.67 

- 

14.6 

FeAl 

32.6 

400-520 

650 

5.37 

- 

18.9 

FeAl^ 

49.1 

1000-1050 

1090 

4.36 

- 

17.9 

Pe2A15 

55.0 

1000-1100 

1050 

4.11 

4.04-4.05 

15 

FeAl_ 

59.0 

820-980 

770 

3.95 

3.77-3.81 

- 

Pe2A17 

63.0 

650-680 

- 

- 

- 

19-35 

Despite  the  brittleness  of  intermetallic  compounds  at  low 
temperatures,  at  high  temperatures  they  become  ductile  to  a 
certain  degree  [229].  The  intermetallic  compounds  rarely  possess 
perfected  or  close  to  ideal  crystal  structure  [62]. 

Alloying  of  solid  solutions  based  on  intermetallic  compounds 
would  permit  substantial  alterations  in  their  properties, 
especially  mechanical  properties.  The  mechanism  for  such  alloying 
is  not  altogether  clear;  in  work  [245]  it  is  indicated  that  in 
this  case  the  creation  of  substitution  solid  solutions  is  possible. 
In  the  multiphase  alloy  formed  during  such  alloying  the  determining 
influence  of  the  second  phase  is  reduced  to  an  increase  in 
mechanical  properties  at  the  expense  of  its  inherent  strength, 
especially  at  high  temperatures.  Here  the  dependence  of  strength 
(hardness)  of  the  intermetallic  phase  on  temperature  is  expressed 
by  a  straight  line  with  a  deflection  (Fig.  8a).  The  point  of 
inflection  for  these  compounds  does  not  equal  half  the  value  of  the 
melting  temperature,  as  holds  true  for  pure  metals,  but  is  normally 
located  in  the  0.5-0.75  t  , .  region;  for  the  compounds  FeAl-  and 

i<  1  Cu  _L  L/ 

Fe^Al^  this  comprises  about  460  and  450°C,  respectively.  On  the 
basis  of  this  fact  the  hypothesis  was  put  forward  [229]  that 
different  mechanisms  exist  for  the  deformation  of  intermetallic 


phases,  acting  on  both  sides  of  the  temperature  point  of  inflection 
t  :  below  point  t  a  slipping  process  predominates,  while  above 

H  H 

it  determined  diffusion  processes  of  dislocation  displacement  and 
shifting  of  grain  boundaries  occur. 


At  low  temperatures  the 
complexity  of  the  crystal 
lattice  structure  of  inter- 
metallic  compounds  hampers 
slipping  processes  and  it  is 
possible  to  assume  that  their 
atoms  are  joined  by  strong 
localized  bonds.  Slipping  or 
displacement  of  atoms 
relative  to  one  another 
occurs  extremely  easily  at 
elevated  temperatures, 
owing  to  weakening  of  the 
interatomic  bonds  in  the 
region  above  the  temperature 
point  t  . 


Fig.  8.  Temperature  dependence 

of  hardness  and  heat  conductivity 

of  intermetallic  phases:  a)  for 

Fe  A1  ;  b)  for  FeAl0  (AB  corre- 
n  m’  3 

sponds  to  the  steel  portion  of 

the  specimen  and  BC,  to  the 

compound  FeAl^,  and  CD  to  the 

aluminum  portion  of  the  specimen 
[191]).  The  average  thickness  of 
the  FeAl  layer  is  ^0.12  mm. 

KEY:  (1)  Steel;  (2)  Aluminum. 


In  work  [19H  by 
I.  Garcia  the  coefficient  of 

thermal  conductivity  is  determined  for  the  intermetallic  compound 
FeAl^.  Thermal  conductivity  was  measured  on  an  installation 
whose  basic  elements  were  a  small  resistance  furnace,  a  wattmeter, 


and  two  thermocouples .  One  thermocouple  was  fastened  rigidly 
inside  the  furnace  and  the  other,  moving  inside  a  hollow  bimetallic 
specimen,  was  used  to  measure  the  thermal  conductivity  of  the 
latter  and  for  automatic  recording  of  thermal  conductivity  in  the 
form  of  a  curve  on  a  graph. 


Comparison  of  the  microstructure  on  different  segments  of  this 
specimen  in  the  zone  of  contact  between  aluminum  and  steel  with 
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the  curve  of  the  change  in  thermal  conductivity  made  it  possible 
to  detect  a  small  segment  with  a  low  value  of  the  coefficient  of 
thermal  conductivity  -  7.9*1  W/(m.deg)  (Fig.  8b). 

For  a  correct  understanding  of  the  processes  occurring  during 
calorization  of  iron  and  also  during  welding  of  iron  to  aluminum, 
it  is  necessary  to  have  available  sufficiently  reliable  data 
concerning  the  mobility  of  atoms  in  the  diffusion  interlayers 
which  arise  in  the  zone  of  contact  of  the  two  metals  and  especially 
in  the  intermediate  intermetallic  phases.  Intermetallic  compounds 
are  usually  obtained  by  smelting  in  an  arc  furnace  on  a  copper 
water-cooled  bottom,  by  the  method  of  replacement  of  the  eutectic, 
or  by  ordinary  smelting  under  a  layer  of  flux.  In  this  case  the 
intermetallic  compounds  are  obtained  in  the  form  of  ingots  weighing 
20-30  g  or  in  the  form  of  a  crucible.  As  a  rule,  after  such 
smelting  it  Is  necessary  to  carry  out  mechanical  treatment  of  the  . 
extremely  hard  intermetallic  alloy;  however,  this  is  not  always 
possible.  Alloys  obtained  by  these  methods  are  porous  and  are 
broken  up  during  the  cooling  process;  this  is  due  to  contamination 
of  the  boundaries  of  the  intermetallic  compounds  and  by  the 
presence  of  oxide  films,  oxygen,  etc.  In  order  to  determine  the 
characteristics  of  the  individual  phases,  a  method  was  proposed 
and  realized  in  practice  for  obtaining  intermetallic  compounds  of 
the  iron-aluminum  system  In  the  form  of  rods  3-10  mm  in  diameter 
and  up  to  200-250  rnm  in  length  [132]. 

Smelting  of  an  intermetallic  compound  of  definite  stoichio¬ 
metric  composition  was  accomplished  in  a  vacuum  furnace  by  the  firm 
"Gereus"  [exact  spelling  not  determined  -  Translator].  A  magnesite 
crucible  was  used  to  avoid  enriching  the  intermetallic  compound 
with  carbon  during  smelting.  After  the  melting  chamber  was 
vacuum-treated,  it  was  filled  with  argon  or  helium.  In  order  to 
ensure  that  the  intermetallic  specimen  would  have  a  cylindrical 
shape  of  the  required  diameter  a  special  device  was  used  to  pump 
the  molten  metal  into  a  quartz  tube  up  to  10  mm  In  diameter;  one 
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end  of  the  tube  was  dipped  in  the  melt  and  the  other  was  connected 
with  the  evacuation  (vacuum)  device. 


To  avoid  contamination  of  grain  boundaries  of  the  intermetallic 
specimen  with  oxide  films  and  inclusions,  the  pulling  (suction) 
of  the  sample  into  the  quartz  tube  was  carried  out  from  the  middle 
portion  of  the  molten  metal  in  the  crucible;  the  high  rate  of 
cooling  of  the  ir.etal  in  the  quartz  tube  helped  to  ensure  that  the 
obtained  intermetallic  compounds  would  have  pure  boundaries, 
without  inclusions,  porosity,  or  any  type  of  defect. 

Mark  AV000  A1  and  iron  (Fe  99-97%)  were  used  as  the  initial 
materials  during  smelting.  The  composition  of  the  charge  corre¬ 
sponded  to  the  phase  composition  on  the  phase  diagram.  Chemical 
(Table  6)  and  X-ray  analyses  were  carried  out  to  establish 
correspondence  of  the  composition  of  the  obtained  alloys  to  the 
composition  of  the  chemical  compounds  on  the  phase  diagram. 


Table  6.  Data  from  chemical  analysis  of  alloys. 


Composition  A1  content 
per  the  according 

diagram,  to  cheml-  structural  type  of 

Alloy  vt.t  cal 

-  analysis, 

Fe  A1  wt .  % 


Fe2Aly  37.07  62.93 
FeAl3  *10.82  59.18 
Fe2Al5  45.29  54.71 
FeAU  50.87  49.13 


FeAl 


50.87  49.13 
67.43  32.57 


Fe^Al  86.13  13.87 


63-32 

59.40 

54.92 

49.?° 

33.64 

14.04 


Monoclinic 


Rhombic 

Rhombohedral 


lsostructural ; 
structure  of  C-:;?1  type 


As  an  example.  Fig.  9  gives  the  external  appearance  (a)  and 
nature  of  fracture  (b)  of  the  intermetallic  compound  FeAl2 .  As  is 
clear  from  the  figure,  specimens  of  intermetallic  compounds  have 
a  clean  smooth  surface  (making  it  possible  to  avoid  subjecting  them 


to  mechanical  working)  and  a  fine-crystal  fracture  in  which  there 
are  no  visible  defects.  Analysis  of  the  microstructure  indicates 
the  presence  of  adequately  clean  grain  boundaries.  Data  from 
X-ray  structural  analysis  confirmed  the  fact  that  the  given  phase 
is  inherent  to  FeAl^  in  strict  correspondence  to  the  stoichiometric 
composition . 


r 

# 

♦ 

r 

Fig.  9.  External  appearance 

(a)  and  nature  of  fracture 

(b)  for  the  lntermetalllc 
compound  FeAl^. 


Analogous  data  were  obtained  for  all  phases  in  accordance 
with  the  iron-aluminum  phase  diagram.  The  suitable  quality  of  the 
lntermetalllc  compounds  enabled  us  to  use  them  as  standards  in 
determining  microhardness,  electrical  resistivity,  diffusion 
coefficients,  and  mechanical  characteristics. 

From  the  microstructures  shown  on  Fig.  10  it  is  clear  that 
the  obtained  alloys  are  sufficiently  uniform,  with  the  exception 
of  the  alloy  corresponding  to  the  phase  Fe^Al^.  Photographs  of 
the  microstructure  of  the  latter  show  segments  of  a  second  phase, 
insignificant  in  size,  between  the  grains  of  the  lntermetalllc 
compound . 

Figure  11  gives  data  on  the  properties  of  lntermetalllc 
compounds  in  cast  (unmarked  columns)  and  annealed  (shaded  columns) 
states . 

The  microhardness  of  the  phases  Fe^Al^,  Fe^Al^,,  FeAl^,  and 

FeAl„  varies  within  the  interval  960-1150  daN/mm2;  with  an  increase 

^  2 
in  iron  content  t lie  microhardness  is  reduced  to  66 0  daN/mm  (phase 

p 

FeAl)  and  270  daN/mm  (Fe^Al) .  To  determine  electrical  conductivity 

of  the  intermetalli c  phases  specimens  8-10  mm  in  diameter  and 

120  mm  in  length  were  manufactured.  The  specimens  were  clamped  in 
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a  special  attachment  with 
movable  contacts,  from 
which  the  voltage  drop  was 
taken.  The  measurement 
base  comprised  60  mm. 
Resistance  was  measured  over 
a  double-bridge  d-c  circuit 
with  internal  and  external 
standard  resistors  (a  type 
R-329  bridge  was  used) . 

The  magnitude  of  electrical 
resistance  in  each  case  was 
determined  as  the  average 
of  three  to  five  measure¬ 
ments.  Electrical  resis¬ 
tivity  of  intermetallic 
phases  of  the  iron-aluminum 
system  differs  little  in 
the  cast  and  annealed  states 
The  phase  Pe2Al^  is 
distinguished  by  anomolously 

high  electrical  resistance 
2 

(3.3  ft ‘mm  /m) . 


Pig.  10  Continued)  .  The  diffusion  mobility 

of  iron  in  the  phases 

indicated  above  was  investigated  [88]  by  means  of  radioactive 
tracers  in  the  temperature  interval  900-1150°C.  Before  the 
diffusion  research,  the  intermetallic  phases  of  the  iron-aluminum 
system  were  subjected  to  prolonged  homogenizing  annealing  at  1100°C 
in  a  medium  of  argon  for  several  days;  this  led  to  the  formation 
of  a  coarse-grained  structure,  which  remains  stable  through  the 
duration  of  all  diffusion  annealings. 
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the  iron-aluminum  system. 

KEY:  (1)  Not  destroyed. 

Parallel  shape  of  the  faces  was  ensured  by  grinding.  A 

gc 

thin  layer  (about  1  ym)  of  iron  containing  Fe  was  applied  to  one 
of  the  faces  by  means  of  an  electrolyte  consisting  of  a  mixture  of 
six  parts  of  ammonium  oxalate  (saturated  solution)  and  one  part 
saturated  ferric  chloride  (solution  with  a  pale-green  color).  The 
specimens  had  an  activity  on  the  order  of  (5-6)  10^  pulse/mi n. 
Diffusion  annealing  was  carried  out  in  the  600-1100°C  interval, 
with  the  temperature  maintained  to  an  accuracy  of  +10  degrees. 
Diffusion  coefficients  were  determined  by  removing  layers  according 
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to  the  known  formula  D  =  -0.1086/t  tg  a,  where  t  Is  annealing 
time  and  tg  a  is  determined  from  the  graph  of  the  experimentally 
determined  relationship  Ig  c  (c  is  the  concentration  of  radioactive 
atoms)  from  the  square  of  the  depth  of  the  diffusion  layer.  Values 
of  the  coefficients  of  self-diffusion  for  iron  and  its  alloys  with 
aluminum  in  the  investigated  temperature  interval  are  given  in 
Table  7  and  on  a  diagram  (Fig.  11). 

The  obtained  values  for  coefficients  of  self-diffusion  for 
iron  and  its  alloys  with  aluminum,  corresponding  in  composition  to 
certain  intermetallic  phases,  in  the  investigated  temperature 
interval  attest  to  the  fact  that  an  increase  in  the  concentration 
of  the  low-melting  metal  does  not  lead  to  a  monotonic  change  in 
the  values  of  the  diffusion  coefficient.  This  is  apparently 
connected  with  particular  features  of  the  structure  of  the  corre¬ 
sponding  intermetallic  phases.  The  FejAl^  has  the  highest  value 
of  diffusion  coefficient.  Tensile  testing  established  the  fact 
that  the  phases  Fe^Al^,  FeAl^  and  Fe^Al^  possess  lowest  strength 
(1.8,  1.5,  and  1.7  daN/mm^,  respectively).  These  data  attest  to 
the  fact  that  there  is  a  measurable  reserve  of  strength  in  the 
investigated  compounds.  Strength  of  the  compound  FeAl^  turned  out 
to  be  least  (1.5  daN/mm  )  under  compression.  As  is  evident  from 

the  diagram,  a  deviation  in  compressive  strength  is  observed  in 

o 

the  Fe2Al^  phase  (19  daN/mm  ). 

The  presence  of  intermetallic  compounds  in  the  form  of 
individual  inclusions  and,  especially,  as  continuous  interlayers 
also  has  an  essential  influence  on  the  corrosion  resistance  of 
welded  joints. 

Studies  were  made  of  the  chemical  properties  of  the  metals  to 
be  joined  and  of  the  intermetallic  phases  in  certain  solutions, 
and  evaluations  were  made  of  diffusion  processes  between  unlike 
metals  on  the  basis  of  layer-by-layer  phase  analysis;  this  made  it 
possible  to  study  diffusion  layers  which  are  nonuniform  in  compo¬ 
sition  and  structure. 
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Table  7.  Diffusion  coefficients  of  intermetallic 
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Studies  were  made  of  specimens  of 
the  aluminum-steel  bimetal  preliminarily 
annealed  at  temperatures  of  200,  300, 
*100,  500°C  for  10  hours  and  at 
temperatures  of  300,  *100,  500,  and  600°C 
for  20  min.  Also  studied  were  the 
intermetallic  phases  PeAl^,  Fe^Al,., 
FeAl2,  and  FeA-1  of  the  iron-aluminum 
system,  obtained  artificially  in  the 
form  of  cylindrical  rods  8-10  mm  in 
diameter.  Intermetallic  compounds  in 
the  transition  layer  of  the  alumii.am- 
steel  bimetal  were  revealed  by  the 
method  of  anode  dissolution  of  the 
specimen  from  the  aluminum  side. 

In  the  course  of  electrochemical 
dissolution  of  the  specimen-anode  the 
emf  was  measured  and  the  potential 
vs.  time  relationship  was  constructed. 

Bimetallic  specimens  of  ADI 
aluminum  and  steel  Khl8N10T  25  *  25  x  10 
mm  in  size  with  holders  attached  to 
them  were  placed  in  a  bath  to  measure 
potential.  The  bath  contained  dilute 
hydrochloric  acid  (1:3).  Then  the 
specimens  were  removed  and  placed  in 
another  bath,  containing  a  1:1  solution 
o^  hydrochloric  acid;  there  they  were 
subjected  to  etching  for  1-3  min  to 
remove  a  layer  of  metal.  After  a  quick 
wash  in  water  the  specimens  were  once 
again  placed  in  the  bath  designed  to 
determine  the  solution  potential.  As 
layer  after  layer  was  removed  by 
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etching  the  solution  potential  was  determined  in  each  of  them; 
measurements  were  carried  out  more  frequently  close  to  the 
transition  line. 

Figure  12  shows  results  from  measurement  of  solution  potential 
for  the  aluminum-steel  Khl8N10T  bimetal  and  also  for  intermetallic 
phases  of  the  Fe-Al  system.  Measurements  were  made  in  the  solution 
indicated  above. 


4 .  Present  Methods  of 
Joining  Aluminum  and  Its 
Alloys  to  Steels 

Few  data  are  avail¬ 
able  on  joining  aluminum 
alloys  to  steels  [ 9 1 9  112, 
148,  159,  215,  225,  24l, 
249].  There  is  interest 
in  the  method  of  joining 
aluminum  and  aluminum 
alloys  to  steel  by  welding 
with  the  use  of  one  or 
several  intermediate 
metals,  analogous  to  the 
method  of  welding  titanium 
to  steel  [51,  1531.  How¬ 
ever,  analysis  of  the 
binary  phase  diagram  of 
aluminum  with  various 


Fig.  12.  Change  in  the  solution 
potential  mV  as  a  function  of 
dissolution  time  t  for  intermetallic 
phases  of  the  Fe-Al  system  and  for 
pure  aluminum  (a)  and  for  the 
bimetal  aluminum-steel  Khl8N10T  (b). 
KEY:  (1)  Initial. 


elements  indicates  that  there  is  no  one  such  metal  or  pair  of 
metals.  Elements  which  permit  alloying  of  aluminum  (Mg,  Si,  Cu, 
etc.)  either  have  negligible  solubility  in  iron  or  they  form 
one  or  several  intermetallic  (intermediate)  phases  with  it. 


The  formation  of  phases  of  intermediate  composition  in  steel/ 
aluminum  joints  is  extremely  undesirable,  and  their  elimination 


(or  reduction)  can,  as  will  be  shown  below,  substantially  improve 
the  mechanical  properties  of  combined  joints. 

The  periodical  technical  literature  contains  a  few  journal 
articles  and  short  reports  on  experimental  work.  The  most  essential 
of  these  data  are  given  below. 

Existing  methods  of  joining  aluminum  to  steel  can  be 
tentatively  broken  down  into  the  following  basic  types:  1)  joining 
with  the  application  of  external  pressure;  2)  brazing  of  aluminum 
to  steel;  3)  the  process  connected  with  melting  one  of  the  metals 
(aluminum)  -  the  so-called  braze  welding.  The  first  two  joining 
methods  were  studied  in  survey  articles  [133,  134,  187,  200, 

202-206,  216,  217,  245]. 

The  first  information  on  practical  methods  of  joining  aluminum 
to  steel  by  fusion  was  published  as  early  as  1935  [208],  The~- 
materials  indicated  that  direct  joining  of  aluminum  and  its  alloys 
with  steel  by  fusion  welding  was  difficult. 

All  methods  of  fusion  welding  are  based  on  the  creation  of  a 
reliable  transition  layer  between  aluminum  and  steel.  H.  Holler 
and  A.  Maier  studied  the  process  of  gas  welding  of  aluminum  in 
the  form  of  wire  and  sheet  iron,  precoated  with  tin  solder.  Pure 
aluminum  was  used  as  the  filler  material.  The  ultimate  strength 

p 

of  the  obtained  joints  reached  6-7  daN/mm  . 

With  application  of  a  zinc  coating  on  the  steel  A.  Muller 

2 

[218]  obtained  a  joint  with  a  strength  reaching  7.4  daN/mm  .  He 
also  attempted  to  coat  steel  with  aluminum  for  subsequent  welding. 

A  number  of  works  indicate  the  possibility  of  satisfactory 
welding  of  aluminum  to  steel  with  the  application  of  a  zinc  coating 
on  one  metal  or  the  other  [176,  177,  223]. 


Numerous  methods  which  have  found  development  from  the  process 
"al'-fin"  [alpha-deposition]  are  used  10  create  a  transition  layer; 
the  ’'al’-fin*'  is  one  method  of  joining  aluminum  and  aluminum  alloys 
to  steel  by  teeming.  For  example,  steel  articles  are  calorized  by 
immersing  them  in  molten  aluminum.  After  calorizing  and  before 
teeming  the  surface  of  the  article  may  be  covered  with  tin  or 
copper  [44].  In  other  cases  [59,  82]  the  surface  of  the  iron  or 
steel  is  coated  with  a  solution  of  ammonium  chloride  and  dried  at 
150°C  before  immersion  in  the  molten  aluminum. 

Grenell  [45]  presents  information  on  the  possibility  of  welding 
pipelines  from  unlike  metals.  A  layer  of  aluminum  is  applied  on 
steel  tubes  at  the  points  to  be  welded,  after  which  they  are 
lap-welded  with  aluminum  tubes. 

The  American  investigators  M.  Miller  and  E.  Mason  [224] 
developed  a  method  of  welding  aluminum  to  steel  by  means  of 
tungsten  and  consumable  electrodes  in  a  medium  of  inert  gases. 
Satisfactory  resuits  were  obtained  during  welding  of  thin-walled 

tubes.  Telescoping  joints  were  destroyed  at  the  weld  under  loads 

2  2 
of  4-4.2  daN/mm  .  The  average  shearing  force  amounted  to  7  daN/mm  . 

p 

Similar  data  (7-8  daN/mm  )  in  shear  tests  were  obtained  by 
Van  Sommeren  [238]  with  welding  by  an  analogous  method.  He  also 
conducted  experiments  on  the  application  cf  a  high-quality  film  of 
aluminum  on  steel  by  metal  spraying  [238].  A  film  thickness  of 
0.0002  mm  is  sufficient  to  obtain  a  joint.  However,  the  obtained 
layer  of  metal  is  joined  weakly  to  the  steel,  since  during 
application  on  steel  the  drops  of  metal  are  oxidized  and  the  bond 
obtained  between  the  coating  layer  and  the  steel  is  basically 
purely  mechanical. 

The  literature  also  contains  data  on  methods  of  joining 
aluminum  and  steel  using  tin  and  nickel  coatings  on  the  steel  [9]. 
The  positive  influence  of  silver  as  a  metal  to  be  used  for  a 
transition  layer  is  especially  emphasized.  Examples  are  given 
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of  joining  tubes  of  stainless  steel  with  aluminum  with  an  inter¬ 
mediate  silver  layer  [7-11]  and  welding  the  cylinder  of  a  piston 
engine,  made  of  steel  of  the  martensite  class,  to  aluminum  cooling 
fins  [207].  It  is  indicated  in  the  last  work  that  the  optimum 
magnitude  of  the  galvanically  applied  layer  of  silver  is  0.25  mm. 

The  welds  possess  adequate  strength  and  ductility. 

As  data  from  the  various  investigations  indicate  [12,  114], 
an  intermetal lie  layer  almost  always  arises  along  the  steel /aluminum 
boundary  during  calorizing  of  steel  by  immersion  and  by  the 
chemicothermal  method.  In  particular,  its  appearance  is  unavoidable 
under  the  calorizing  conditions  recommended  by  M.  Miller  and 
E.  Mason  in  their  experiments  (calorizing  at  temperatures  of 
700-800°C) . 

Interesting  studies  concerned  with  welding  aluminum  alloys  to 
steels  and  with  investigation  of  the  properties  of  the  obtained 
joints  were  carried  out  by  G.  A.  Bel’chuk  and  co-workers  [14-17]. 
They  developed  two  types  of  technology  for  argcn-arc  welding  of 
aluminum  to  steel. 

According  to  the  first  variant,  a  layer  of  aluminum  0.1  mm 
thick  is  first  applied  to  shipbuilding  steel  SKhL-4  and  St.  4S  by 
calorizing  (at  700-740°C  with  a  hold  of  10  min).  Argon-arc 
welding  is  used  to  lay  pure  aluminum  in  three  layers  on  the  surface 
of  the  initial  layer  under  the  following  conditions:  welding 
current  110-1 30  A,  welding  speed  0.12-0.24  m/min.  A  tungsten 
electrode  2  mm  in  diameter  and  an  aluminum  filler  (ADI)  2  mm  in 
diameter  v/ere  used.  Joining  of  the  obtained  aluminum  facing  to 
the  steel  occurs  in  the  presence  of  an  intermetallic  layer  up  to 
0.1-0.12  mm  thick.  Elements  of  aluminum  or  Its  alloys  were  then 
welded  to  the  facing.  The  ultimate  strength  of  the  obtained  butt 
joint  reaches  the  value  of  the  ultimate  strength  of  pure  aluminum  - 
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i.e,,  on  the  order  of  8-10  daN/mm  ;  strength  values  are  somewhat 
lower  for  T-specimens. 


In  the  second  variant,  the  steel  (after  cleaning)  is  subjected 
to  hot  or  galvanic  zinc  coating  (zinc  layer  thickness  0.02-0.04  mm),, 
after  which  three  layers  of  pure  aluminum  are  also  built  up  on  it 
by  argon-arc  welding  under  the  same  conditions. 

A  distinguishing  feature  of  the  technology  developed  by 
G,  A.  Bel’chuk  for  argon-arc  welding  of  aluminum  and  its  alloys  to 
steel  is  the  application  of  pure  aluminum  of  brand  ADI  (Si  _<  0.2$) 
for  a  facing  on  calorized  or  zinc-coated  steel.  The  use  of  wire 
with  an  increased  magnesium  content  -  e.g.,  brand  AMg6  -  did  not 
give  satisfactory  results  in  terms  of  strength  [18].  For  this 
procedure  for  arc-welding  of  the  indicated  materials  joints  of 
limited  strength  were  obtained.  However,  in  the  particular  case 
when  the  joint  must  have  a  strength  which  is  not  equal  to  the 
strength  of  the  aluminum  alloy  but  only  adequate,  the  developed 
technology  can  be  recommended. 

In  the  work  by  D.  R.  Andrews  [183],  concerned  mainlv  with 
technological  questions,  a  study  was  made  of  the  welding  of  low- 
carbon  steel  to  aluminum  and  its  alloys.  Sheet  steel  with  a 
content  c  '  0.08$  C,  steel  tubes  (0.15$  C) ,  pure  aluminum,  and 
three  aluminum  alloys  (Al-Mn,  Al-Mg,  and  Al-Mn-Mg)  were  used  in 
the  experiments.  The  steel  was  covered  completely  with  a  layer 
of  aluminum,  tin,  or  zinc,  aluminum  with  0.75!?  cadmium,  and 
aluminum  with  5$  silicon  by  hot  immersion,  electrodeposition,  and 
metal  spraying.  The  ultrasonic  method  was  used  for  local  coating 
with  tin  and  tin-zinc.  During  subsequent  welding  an  intermetallic 
transition  layer  was  formed  over  the  coatings  in  all  cases. 

During  coating  with  a  layer  of  tin  by  hot  immersion  a  solid  and 
brittle  FeSn^  phase  is  also  formed ;  however,  its  quantity  is 
insignificant  and  consequently  the  plastic  properties  of  the 
welded  joints  are  higher  than,  for  example,  joints  of  aluminum 

with  zinc-coated  or  calorized  steel.  The  average  value  of  ultimate 

2 

strength  did  not  exceed  12  daN/mm  for  all  types  of  tested  coatings. 

2 

With  a  zinc  coating  the  ultimate  strength  amounted  to  10  daN/mm  ; 
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with  tin  it  was  7-8  daN/mm  .  Owing  to  the  poor  quality  of  the 

coatings  a  large  scatter  in  test  data  was  observed.  While  he 

carried  out  a  limited  number  of  experiments,  the  author  nonetheless 

draws  a  conclusion  concerning  preferred  application  of  tin  and 

zinc  coatings  obtained  by  electrodeposition  before  coating  with 

aluminum.  On  the  basis  of  this  work  refinements  were  made  in  the 

welding  technology:  for  protection  of  the  back  side  of  the  weld 

it  is  necessary  to  blast  it  with  argon;  the  most  suitable  filler 

material  is  aluminum  with  5%  silicon.  In  one  of  the  last  studies 

Andrews  [184]  considers  the  formation  of  intermetalllc  layers  during 

hot  immersion.  The  author  notes  that  during  welding  the  thickness 

of  these  layers  is  increased  and  the  plastic  properties  of  the 

joints  are  impaired.  He  also  studied  the  effect  of  heat  treatment 

on  the  properties  of  welded  joints;  heat  treatment  was  carried  out 

with  prolonged  holds  and  at  temperatures  of  350-5o0°C.  The  rupture 

strength  of  steels  coated  with  tin  joined  by  the  method  of  hot 

immersion  to  technically  pure  aluminum  c.omprised  the  following 

values  after  holding  for  15  days  at  350,  400,  and  450°C:  1.18, 

2 

1.18,  and  1.26  daN/mm  .  Weld  strengin  prior  to  heat  treatment  was 
7.5-7. 8  daN/mm2. 


According  to  data  from  Y.  Sugiyama  [237],  prolonged  temperature 
treatment  of  welds  does  not  give  the  desired  results  (Pig.  13). 


<3j,  San/MM  1 


50 ‘350  <50 ‘350  250*360  t’C'T.u 


Pig.  13.  Graph  characterizing  the  effect  of 
heat  treatment  on  ultimate  tensile  strength 
for  a  weld  between  pure  aluminum  and  steel 
with  a  zinc  coating  (filler  material  4043). 

1  -  base  metal;  2  -  destruction  of  weld  on 
base  metal;  3  -  destruction  of  weld  on  the 
interface . 

Thus,  analysis  of  different  methods  of 
joining  aluminum  to  steel  shows  that  the 
selection  of  the  welding  method  must  be 


guided  by  specific  requirements  imposed  on  the  unit  or  the  article 


as  a  whole.  For  a  number  of  parts  of  limited  shape  It  is  possible 
to  weld  steel  to  aluminum  by  the  application  o^  pressure  [175,  194]. 
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Welding  of  all  possible  types  of  fittings  (brackets,  lugs, 
etc.)  to,  for  example,  the  walls  of  vessels  can  be  accomplished 
by  means  of  an  industrially  produced  insert  of  bimetal  [125]. 
Vacuum-tube  parts  can  be  soldered  [99,  100,  131].  Finally,  to 
join  large-dimension  units  of  aluminum  alloys  to  steel  items  it  is 
necessary  to  develop  methods  of  direct  automatic  welding  of 
aluminum  to  steel. 

Results  obtained  from  tests  differ  and,  owing  to  the  different 
conditions  under  which  the  tests  were  carried  out,  they  cannot  be 
compared  directly.  At  the  same  time  analysis  of  literature  data 
shows  that,  as  a  rule,  the  strength  of  combined  steel/aluminum 
units  does  not  exceed  the  strength  of  the  pure  aluminum  -  i.e., 
it  reaches  8-12  daN/mm  .  Fast  research  is  of  a  tentative,  laboratory 
nature.  No  description  of  industrially  developed  technology  or 
testing  of  unit  properties  is  given.  At  the  same  time  the 
advisability  of  using  a  number  of  steel/aluminum  structures  can  be 
validated  only  if  the  strength  indices  will  be  on  a  level  with  the 
strength  of  the  aluminum  alloys  of  the  type  AMts,  AMg6,  etc.  Here 
it  should  be  noted  that  in  addition  to  joining  aluminum-manganese, 
aluminum-magnesium,  and  other  alloys  with  low-carbon  steel  for 
equipment  of  the  most  advanced  technology  operating  under  specific 
conditions,  a  primary  problem  is  that  of  obtaining  high-quality 
welds  between  stainless  steel  and  these  aluminum  alloys. 

Thanks  to  the  rational  use  of  aluminum  units  in  combination 
with  steel  it  is  possible  to  lower  substantially  the  weight  of 
flight  vehicles  -  i.e,,  to  increase  their  range,  create  new  types 
of  structures  and  units  for  portable  and  stationary  vessels,  etc. 
Thus,  we  see  it  as  necessary  in  our  work  to  carry  out  a  set  of 
studies  which  will,  on  the  one  hand,  make  it  possible  to  refine 
the  nature  of  the  interaction  of  molten  aluminum  with  solid  steel 
and  to  clarify  the  laws  governing  Lhc  formation  and  composition  of 
intermetallic  phases  forming  under  various  conditions  and  to  plan 
for  their  regulation  and,  on  the  other  hand,  to  use  these  studies 
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as  the  basis  for  the  development  and  testing  on  specific 
industrial  objects  of  the  technology  of  joining  aluminum  alloys  to 
steel  so  as  to  obtain  strength  indices  of  the  steel/aluminum  joints 
which  are  comparable  to  the  strength  of  the  aluminum  alloys. 

5.  Search  for  Methods  of  Joining 
Aluminum  to  Steel  by  Fusion 

Realization  of  the  welding  of  aluminum  to  steel  requires  first 
of  all  correct  selection  of  the  type  and  indices  of  the  heat 
source . 

During  the  preliminary  search  for  and  selection  of  ihe  welding 
method  we  tested  methods  which  differ  in  the  nature  of  the  action 
on  the  base  metal:  welding  with  heat  sources  dependent  upon  and 
independent  of  the  article  and  also  welding  with  an  independent 
double  arc  [74,  75]. 

A  number  of  methods  (welding  with  an  aluminum  strip  electrode 
over  the  surface  of  the  steel,  welding  with  a  steel  wire  over  the 
aluminum  surface,  welding  over  liquid  zinc,  welding  through  an 
intermediate  insert  of  copper  and  brass,  etc.)  were  eliminated 
during  subsequent  examination;  however,  the  application  of  certain 
methods  creates  definite  possibilities  for  joining  the  metal  pair 
which  we  selected,  in  particular  during  automatic  welding  under 
flux.  Nevertheless,  as  will  be  shown  below,  this  method  has  more 
limited  application. 

During  manual  argon-arc  welding  with  a  nonconsumable  tungsten 
electrode  over  a  plate  of  steel  St.  3  using  a  filler  wire  of 
aluminum  or  its  alloys,  flowing  of  the  molten  aluminum  is 
observed  ahead  of  the  pool  on  che  steel;  as  a  result  the  arc 
burns  between  the  tungsten  electrode  and  a  thin  layer  of  aluminum. 
The  filler  material,  upon  arriving  in  the  pool  on  the  steel,  is 
spattered  intensively  and  spreads  over  the  surface  of  the  heated 
steel.  Therefore  it  would  be  more  correct  to  call  this  process 


soldering  of  steel  with  aluminum.  If,  however,  continuous 
formation  of  a  pool  on  the  steel  is  achieved  (for  example  by 
tilting  the  plate),  as  a  result  of  interaction  of  the  molten  metals 
a  bead  is  formed;  immediately  after  termination  of  welding  this 
bead  begins  to  crack  up  intensively.  During  subsequent  cooling 
the  bead  flakes  off  spontaneously. 

The  microstructure  of  the  deposited  metal  is  shown  on  Fig.  1*J. 
Large  needles  of  the  intermetallic  phase  predominate  against  a 
background  of  a  solid  solution  of  aluminum;  the  quantity  of  these 
needles  grows  with  approach  to  the  fusion  line,  with  a  solid  layer 
of  intermetallic  compounds  being  formed  on  the  fusion  line  itself. 
In  connection  with  this,  "cleavage"  of  the  bead  occurs,  as  a  rule, 
close  to  the  brittle  intermetallic  layer.  Clearly,  its  elimination 
or  reduction  to  the  minimum  possible  thickness  will  facilitate  an 
increase  in  strength  of  the  bond  between  the  two  metals. 


Fig.  14.  Microstructure  of  weld  metal 
during  facing  with  a  filler  of  aluminum 
ADI  on  steel  St.  3  (*300). 

Strength  can  be  increased  by  depositing  zinc  on  the  surface 
of  the  steel  [15].  During  subsequent  facing  the  aluminum,  pushing 
aside  the  zinc,  interacts  with  the  steel  and  forms  a  compound. 

Hi 


Owing  to  the  fact  that  the  reactivity  of  zinc  with  respect  to 
the  surface  of  the  steel  is  higher  than  that  of  aluminum,  during 
interaction  the  aluminum  enters  into  contact  with  a  purified  steel 
surface,  facilitating  the  production  of  an  adequately  strong  bond. 
However,  the  formation  of  an  lntermetallic  layer  is  inevitable  in 
this  case.  Therefore  the  basic  problem  in  developing  a  technology 
for  welding  aluminum  to  steel  should  include  the  elimination  or 
T,eduction  to  the  minimum  possible  thickness  of  this  lntermetallic 
layer. 

The  most  widely  varied  methods  were  used  to  obtain  minimum 
depth  of  fusion  of  the  steel  surface:  argon-arc  welding  with  a 
nonconsumable  electrode  at  minimum  possible  currents,  facing  with 
aluminum  strip  25-40  mm  wide  and  1  mm  thick.  The  major  drawbacks 
of  the  indicated  methods  reduce  to  impermissibly  great  degree  of 
depth  of  fusion  of  the  surface  layers  of  the  steel  -  the  appearance 
of  brittle  phases. 

During  both  automatic  and  manual  welding  with  an  independent 
arc  it  was  not  possible  to  achieve  total  removal  of  the  oxide 
film  from  the  aluminum  surface;  as  a  result,  as  a  rule,  there  was 
no  joining.  The  use  of  fluxes  to  deoxidize  the  aluminum  surface 
complicated  the  process  and  did  not  lead  to  the  desired  results. 

We  tried  preliminary  metal  spraying  with  zinc  and  aluminum 
on  a  surface  of  etched  steel  in  a  medlu  1  of  argon  with  subsequent 
welding  of  the  aluminum  part  to  the  steel.  However,  due  to  the 
fact  that  joining  of  the  coating  to  the  steel  occurs  as  the  result 
of  mechanical  adhesion  the  coating  peels  off  during  welding. 
Virtually  no  joint  is  formed. 

In  the  course  of  the  work  we  tested  different  designs  of  the 
welding  head  for  welding  with  a  double  independent  arc,  electrical 
circuits,  and  also  a  wide  variety  of  technological  methods  in 
order  to  ensure  reliable  quality  of  the  joint.  However,  it  is 
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clear  that  even  those  methods  which  ensure  a  minimum  degree  of 
depth  of  fusion  and  small  duration  of  contact  between  the  liquid 
and  solid  phases  for  aluminum-steel  pairs  do  not  completely 
eliminate  the  formation  of  brittle  intermetallic  compounds  along 
the  transition  line. 

Thus,  not  a  single  one  of  the  tested  methods  of  welding  with 
the  introduction  of  heat  by  direct,  Indirect,  or  combined  methods 
makes  it  possible  to  avoid  the  formation  of  intermetallic  compounds 
along  the  line  of  transition  from  steel  to  aluminum. 

It  was  established  that  by  preliminary  coating  of  the  surface 
of  the  steel  part  with  a  layer  of  aluminum  (calorizing  in  a  bath 
with  molten  aluminum  or  by  means  of  hf  currents)  or  with  a  layer 
of  zinc  (hot  or  galvanic  zinc  coating)  with  subsequent  deposition 
on  such  surfaces  of  beads  of  aluminum  alloys  make  it  possible  to 
join  steel  to  aluminum  alloys  by  welding. 

However,  when  any  of  the  described  methods  for  joining  steel  to 
aluminum  are  used,  when  the  liquid  molten  aluminum  Interacts  with 
the  surface  of  steel  an  interlayer  with  a  greater  or  lesser 
quantity  of  solid  and  brittle  chemical  compounds  of  the  type  Fe^Al^ 
is  inevitably  formed  in  the  joint.  It  should  be  noted  that  the 
thickness  of  the  intermediate  layer  is  small,  in  contrast  with  that 
obtained  when  steel  is  joined  to  aluminum  by  the  fusion  of  both 
metals.  Therefore  in  this  work  during  the  study  of  the  properties 
of  the  layer  and  of  steel/aluminum  joints  major  attention  was  paid 
to  the  process  of  the  preparation  of  the  surface  of  the  steel  for 
welding,  an’,  for  welding  to  aluminum  we  applied  the  most  widespread 
in  industry  method  of  argon-arc  welding  with  a  nonconsumable 
tungsten  electrode  with  certain  characteristic  features  in  the 
technology  of  producing  composite  joints.  There  is  another 
possible  method  -  welding  under  flux;  however,  its  application  is 
extremely  limited. 
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CHAPTER  II 


STUDY  OF  THE  INTERACTION  OF  ALUMINUM 
WITH  IRON  AND  STEEL  DURING  HEATING 

In  order  to  study  the  kinetics  of  the  interaction  of  aluminum 
with  iron  and  steel  in  a  solid  state  two  bimetal  compositions  were 
obtained  by  rolling:  1)  aluminum/armco  iron;  2)  steel  Khl8N10T/alloy 
AMg6  with  a  sublayer  of  mark  ADI  aluminum. 

The  bimetals  of  aluminum  and  armco  iron  were  obtained  by  single¬ 
component  cold  rolling.  Here  diffusion  processes,  which  occur  in 
the  bimetal  in  hot  rolling,  were  eliminated.  The  degree  of 
compression  during  rolling  was  5^% .  The  thickness  of  the  obtained 
bimetal  was  5-6  mm.  The  bimetal  of  steel  Khl8N10T  and  alloy  AMg6 
with  an  Intermediate  layer  of  aluminum  was  obtained  by  a  multipass 
rolling  method.  Thus,  the  study  of  such  a  material  is  essentially 
reduced  to  studying  the  reation  between  aluminum  and  steel  [3,  84]. 

Specimens  measuring  20  *  20  x  5  mm  were  cut  from  bimetal 
sheets  of  aluminum  ADI  and  armco  Iron.  The  specimens  were  placed 
in  vacuum  quartz  ampoules  and  annealed  in  muffle  furnaces  with  the 
temperature  regulated  at  ±5  deg.  The  annealing  temperature  (300, 

400,  500,  54o,  570,  600  630,  650°C)  was  selected  such  that  it  was 
possible  to  follow  and  study  the  change  in  structure  in  the 
contact  zone  of  the  studied  metals  in  a  solid  state  and  in  a  state 
close  to  the  melting  temperature  of  aluminum.  Annealing  time  varied 
from  15  min  to  8-10  h.  The  specimens  were  air  cooled  together  with 
the  quarts  ampoules.  After  cooling  a  layer  of  metal  1.5-2  mm  thick 


was  removed  from  the  surface  of  the  specimens  in  order  to  eliminate 
the  effect  of  surface  hardening  on  the  diffusion  process.  On  one  of 
the  specimen  surfaces  a  microscopic  section  was  prepared,  which  was 
treated  according  to  the  method  described  thoroughly  in  [104,  120]. 
By  means  of  the  microscopic  section  the  structure  and  nature  of 
the  forming  intermetallic  layer  were  studied,  its  thickness  and 
microhardness  measured,  its  phase  composition  and  distribution  of 
elements  examined,  and  the  nature  and  law  of  its  growth  determined. 

1.  Structure  of  Transition  Zone 

The  microstructure  was  studied  by  means  of  a  microscope  set 
at  different  magnifications. 

Table  8  presents  data  on  the  change  in  thickness  of  the 
intermetallic  layer  as  a  function  of  heating  temperature  and  time. 
(The  layer  thickness  is  given  in  the  tables  and  growth  diagrams  are 
mean  arithmetic  values  of  20-40  measurings.)  As  follows  from  both 
the  table  and  the  data  on  metallographic  analysis  of  the  structure 
of  the  bimetal,  which  was  heated  according  to  the  indicated  regimes, 
the  holding  time  required  for  the  development  of  interinetallides 
in  the  welding  zone  depends  basically  >.  n  temperature.  Thus,  for 
example,  at  a  temperature  of  540°C  the  formation  of  the  inter¬ 
metallic  layer  occurred  over  2  h,  at  570°C  this  time  was  0.5  h, 
and  at  a  temperature  of  600°C  -  5  min. 

At  first  the  intermetallic  layer  consists  of  individual, 
seemingly  disconnected  pieces  of  intermetallides .  In  the  individual 
sections  it  cannot  be  seen  at  all  under  a  microscope  with  a 
magnification  of  1000*. 
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Table  8.  Thickness  of  intermetallic  layer  as.  a  function  of 
temperature  and  time  of  heating. 


Annealing 
tempera¬ 
ture,  °C 

Thickness  of  intermetallic  layer,  pm, 
during  holding,  h 

0.25 

0.5 

1 

2 

4 

6 

8 

540 

Not  found 

Not  found 

Not  found 

6 

8 

9 

10 

570 

The  same 

The  same 

5.1 

8.5 

10.2 

12 

14 

600 

5.7 

- 

8.5 

14 

- 

15.8 

16 

10.7 

14 

30.7 

11 

56.6 

85.8 

- 

(on  the  part  of  alumirum) 

650 

Not  found 

Not  found 

148 

199 

310 

420 

- 

(on  the  part  of  iron) 

10.7 

14 

168 

246 

384 

477 

- 

(overall  thickness) 

In  examining  the  structure  of  the  aluminum/armco  iron  bimetal 
by  means  of  electrolytic  and  chemical  etching  in  the  state  after 
rolling,  it  was  possible  to  detect  on  the  contact  tjorder  oxide 
inclusions  of  an  oblong  shape  on  the  iron  base  as  veil  as  segments 
of  the  accumulating  aluminum  oxide  film.  The  oxide  inclusions  were 
encountered  relatively  infrequently  along  the  contact  border,  so 
that  henceforth  their  influence  on  the  growth  kinetics  of  the  layer 
will  not  be  considered.  However,  they  serve  as  a  kind  of 
indicator  by  which  it  is  possible  to  determine  the  current  direction 
of  diffusion  processes  in  the  bimetal. 

With  an  increase  in  holding  time  at  each  of  the  studied 
temperatures  the  thickness  of  the  intermetallic  layer  increases. 

In  Fig.  15  we  see  that  thickness  of  the  layer  along  the 
contact  line  is  not  uniform,  and  that  in  certain  sections  thick 
and  thin  areas  in  the  layer  appear.  However,  despite  such 
nonuniformity  in  the  thickness  of  the  layer,  it  does  grow  under 
diffusion  conditions  and  depends  on  the  temperature  and  time 
conditions  of  heating. 
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All  of  the  above  Is  also  true  of  a  temperature  range  right  up 
to  600°C.  As  the  heating  temperature  of  the  armco  iron/aluminum 
bimetal  increases  up  to  630  and  650°C  sharp  changes  occur  in  the 
transition  zone  of  the  studied  compounds. 

In  the  case  of  heating  up  to  a  temperature  of  650°C  for  15 
and  30  min  an  intermetallic  layer  of  nonuniform  thickness  forms 
in  the  contact  zone.  The  structure  of  this  layer  is  similar  to 
that  of  the  layer  formed  at  a  temperature  of  600°C.  Layer  thicknesses 
at  these  holding  times  are  10  and  14  jjm,  respectively.  As  holding 
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time  is  increased  up  to  1  h  and  beyond  the  intermetallic  layer 
acquires  a  characteristic  shape:  the  interface  boundary  between 
the  intermetallic  layer  and  the  iron  has  the  shape  of  ’’tongues"  or 
"teeth,"  deeply  penetrating  into  the  iron  (Pig.  16).  As  we  see  in 
the  raicrostructure ,  the  individual  tongues  of  the  layer  cut  deeply 
into  the  iron,  whereas  the  others  fall  behind  in  their  growth. 

With  an  increase  in  holding  time  up  to  1  h  and  above  the  thickness 
of  the  layer  increases  by  ten  times.  Thus,  after  a  holding  time 
of  1  h  the  thickness  of  the  intermetallic  layer  is  160  pm;  with  an 
increase  in  holding  time  up  to  2  h  it  is  2^0  pm. 


Pig.  16.  Columnar  orientation  of 
structure  of  intermetallic  phase. 
Heating  to  a  temperature  of  650°C 
for  4  h  (*300). 


In  order  to  explain  the  nature  of  growth  in  the  layer  the 
dependences  of  layer  thickness  were  plotted  as  a  function  of  heating 
time  for  each  of  the  studied  temperatures  (Fig.  17). 1  We  are 
struck  by  the  fact  that  at  temperatures  of  813  and  843°K  the  growth 
curves  for  intermetallic  layers  do  not  pass  through  the  origin  of 
the  coordinates.  Heating  up  to  a  temperature  of  923°K  causes 
intensive  growth  in  the  intermetallic  layer,  as  already  pointed  out 
above.  However,  on  the  curve  (Fig.  17)  corresponding  to  a  tempera¬ 
ture  of  923°K  only  the  total  thickness  of  the  layer  is  noted. 
Moreover,  heating  up  to  a  temperature  of  923°K  causes  a  change  in 
shape  and  intensive  growth  in  the  forming  intermetalllde. 

Fig.  17.  Thickness  of 
intermetallic  layer  in 
armco  iron/aluminum 
bimetal  as  a  function 
of  holding  time  during 
heatings . 


te 

0  4  T  ,  h 

Detailed  study  of  the  structure  of  the  layer  forming  in  this 
case  and  measuring  the  thickness  of  the  phases  constituting  the 
layer,  diffusing  in  both  aluminum  and  in  iron,  made  it  possible  to 
plot  a  diagram  (Fig.  18),  from  which  we  learn  that  as  holding  time 
increases  at  a  temperature  of  923°K  the  overall  thickness  of  the 

*In  thermodynamic  calculations  the  temperature  is  given  in 
Kelvin  degrees,  in  other  cases  -  centigrade. 
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intermetal lie  layer  increases,  generally  because  of  the  thickness 


of  phase  Fe2Al^  (the  growth  of  "tongues").  The  growth  or  the 


layer,  which  consist  of  phase  FeAl^,  toward  the  aluminv 
intense  than  that  consisting  of  phase  Fe~Alr. 
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Fig.  18.  Thickness  of  inter- 
meta.llic  layer  in  armco  iron/ 
aluminum  bimetal  as  a  function 
of  holding  time  at  a  tempera¬ 
ture  of  650°C:  V  -  thickness 
of  overall  intermetallic 
layer,  *  -  thickness  of  Fe^Al^ 

layer,  O  -  thickness  of  FeAl., 
layer.  J 
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2.  Intermetallic  Layer  and  the  Law 
of  Its  Growth 


Studying  the  rate  of  growth  of  intermetallic  phases  in  the 
presence  of  diffusion  of  the  different  metals  has  significant 
value.  The  intermediate  layers,  which  are  formed  in  the  application 
of  coatings  and  in  the  heating  of  the  bimetallic  compounds  (in 
thermal  processing,  welding)  usually  consist  of  one  or  several 
phases.  The  properties  of  these  compounds  are  determined  by  the 
structure  and  thickness  of  the  individual  phases.  If  during  the 
diffusion  process  several  intermetallic  phases  develop  in  the 
form  of  strictly  delineated  layers,  then  each  of  the  layers  will 
grow  at  a  certain  rate  with  the  passage  of  time  or  with  a  change 
in  temperature.  The  rate  of  growth  of  the  Intermetallic  layer  is 
usually  measured  by  one  of  two  methods:  either  the  total  amount 
of  the  diffusing  element  is  determined  through  the  interface  or 
the  thickness  of  the  intermetallic  layer  is  measured  [36]. 
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Most  researchers  who  are  studying  the  law  of  growth  in  the 
inter-. etallic  layer  measure  its  thickness  and  find  the  diffusion 
coefficient  from  equation  y  =  2pt,  assuming  in  advance  that  the 
law  of  growth  is  parabolic  in  nature  [28,  8l].  In  addition, 
statistical  processing  of  the  results  of  a  large  number  of  measurings 
of  the  thickness  of  the  intermetailic  layer  indicates  that  in  not 
all  cases  by  far  can  the  law  of  growth  be  expressed  uniquely  in 
all  stages  of  the  process.  Actually,  in  plotting  a  graph  with 
respect  to  all  experimental  data  for  layer  thickness  in  relation 
to  holding  time  and  in  subsequent  processing  of  these  data  by 
the  method  of  least  squares  it  is  not  possible  to  obtain  a  unique 
dependence  for  layer  growth.  Apparently  this  regularity  is 
paralir.ear  [77].  Similar  data  were  obtained  in  studying  the 
oxidation  of  a  number  of  metals:  the  curve  for  the  thickness  of 
the  oxide  film  versus  time  can  include  two  or  several  dependences. 

The  metal  or  the  alloy  begins  to  oxidize  according  to  the  parabolic 
law,  and  then  there  is  a  transition  to  linear  oxiaation. 

We  will  attempt,  based  on  the  experimental  data  which  we  have 
obtained,  to  determine  through  calculation  the  law  of  growth  in 
the  layer  [23,  92]. 

If  we  designate  the  thickness  of  the  layer  as  x  and  the  heating 
time  as  t,  then  in  the  general  case  the  relationship  between  them 
can  be  expressed  as: 

x"=H  (1) 

where  n  is  the  exponent,  k  -  the  coefficient  proportional  to  the 
diffusion  coefficient. 

If  we  take  the  logarithm  of  equation  n  In  x  =  In  k  +  In  t , 

In  x  =  ^  In  k  +  pj  In  x  and  replace  -  In  k  by  quantity  c  and 
i  by  quantity  b,  then  we  get  an  equation  for  the  straight  line 
which  does  not  pass  through  the  origin  of  the  coordinates: 

In  x  =  c  +  b  In  t,  where  b  is  the  tangent  of  the  slope  of  the  line 
toward  axis  In  t,  and  c  is  the  segment  which  is  intersected  by  the 
straight  line  on  axis  In  x. 
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Fig.  19-  The  quantity 
In  x  as  a  function  of 
In  t  . 


The  dependence  of  In  x  on  In  t  is  Illustrated  in  Fig.  19 . 

If  we  determine  the  coefficient  n  with  respect  to  the  ratio  of 
In  t  to  In  x  for  the  calculation  lines  obtained  at  temperatures  of 
5^0,  570,  and  600°C,  we  will  get  a  value  which  is  close  to  two. 

The  dependence  of  In  x  on  In  t  for  a  temperature  of  650°C  is 
of  considerable  interest.  As  already  mentioned,  at  this  tempera¬ 
ture  we  observe  a  rapid  growth  in  the  intermetallic  layer.  The 
dependence  of  In  x  on  In  t  for  this  temperature  can  be  expressed 
as  a  straight  line  having  a  break,  i.e.,  consisting  of  two  parts 
(I  and  II). 

The  diagram  in  Fig.  19  reflects  the  growth  of  the  overall 
layer,  including  the  layer  on  che  iron  side  and  the  layer  on  the 
aluminum  side. 

Segment  I  describes  the  growth  of  the  layer  on  the  aluminum 
side,  which  is  caused  by  diffusion  of  the  iron  into  the  aluminum 
at  holding  times  of  15  and  30  min  while  the  aluminum  is  still  in 
a  solid  state.  Thus,  this  segment  of  the  straight  line  is  closer 
to  the  lines  corresponding  to  temperatures  of  813,  8^3,  and  873°K. 


Segment  II  describes  the  growth  kinetics  of  the  intermetallic 
layer  toward  the  iron.  The  layer  on  the  aluminum  side  has  only  a 
fraction  of  the  thickness  of  that  on  the  iron  side.  Segment  II 
of  the  line  describes  the  change  in  layer  thickness  which  occurs 
in  the  solid  state.  Aluminum  at  650°C  and  holding  times  of  15  and 
30  min  is  already  partially  fused. 

The  Intermetallic  layer  in  segment  I  of  the  straight  line 
resembles  the  layers  which  develop  at  temperatures  of  813,  843, 
and  873°K,  while  the  intermetallic  layer  corresponding  to  segment 
II  is  characterized  by  the  "tongues." 

If  we  determine  exponent  n  in  equation  (1),  we  get  a  value 
close  to  two. 

In  order  to  explain  the  regularity  of  the  growth  in  the 
intermetallic  layer  in  the  presence  of  interaction  between  the 
iron  and  the  aluminum  in  a  solid  state,  we  will  limit  ourselves 
to  segment  I.  In  this  case  the  growth  law  is  parabolic  in  nature 
and  can  be  expressed  by  the  equation 

x^kt.  (2) 

The  established  parabolic  dependence  of  gro^iii  in  the  new 
phase  on  time  lets  us  calculate  activation  energy  Q  of  the  diffusion 
process.  According  to  the  Arrhenius  formula  [25,  210] 

/v-K„c\p(—  “) .  (3) 

where  is  a  constant  quantity,  R  -  the  gas  constant,  T  -  absolute 
temperature j  °K. 

Equation  (3)  shows  that  between  K  and  ^  there  should  be  a 
linear  relationship  under  the  condition  of  a  process  activated  one 
time.  Quantities  Q  and  KQ  are  determined  by  the  slope  of  the 
straight  line  and  the  point  of  Its  intersection  with  the  axis  of 
the  ordinate,  since 


lnJt-ln/C0  — 

RT 


(4) 

The  experimental  values  obtained  by  us  for  these  quantities 
axe  shown  in  Pig.  20. 


Fig.  20.  Dependence 

of  In  k  =  f(|)  for 

armco  iron/aluminum 
bimetal. 


Thus,  the  law  of  growth  in  the  intermetallic  layer  when  iron 
interacts  with  aluminum  in  the  solid  state  at  temperatures  of 
54o-650°C  can  be  written  in  the  form  of  equation 


=  V'J-  lO-’twj) 


(5) 


The  law  of  growth  in  the  intermetallic  layer  in  a  temperature 

range  of  605-655°C,  obtained  in  [143],  has  the  form  of 
1 
2 


x  -  3.5-103t  exp 


Thus,  the  data  obtained  by  us  are  extremely  close  to  those  of 
Sibata,  Mcrodzumi,  and  Koda  [143],  despite  the  different  method 
of  processing  the  experimental  data. 


According  to  the  data  of  [144]  the  law  of  growth  in  the 
intermetallic  layer  in  the  case  of  an  interaction  between  liquid 
aluminum  and  solid  iron,  which  forms  primarily  because  of  the 
diffusion  of  aluminum  into  iron,  in  the  temperature  range  of  700- 
960°C  has  the  form  of 


jf*- 0.033 exp 


(6) 
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As  we  learn  from  the  equation,  the  activation  energy  when  iron 
and  aluminum  interact  in  solid-liquid  states  is  less  by  a  factor 
of  two  than  the  activation  energy  calculated  in  our  experiments 
and  in  [210].  For  this  reason  it  is  obvious  that  in  the  solid  state, 
where  we  observe  primarily  the  diffusion  of  iron  into  aluminum, 
the  growth  of  the  intermetallic  layer  is  slowed  (Q  =  25,000 
cal/g*atom),  whereas  in  the  transition  to  the  solid-liquid  state, 
where  diffusion  of  the  aluminum  into  the  iron  predominates,  there 
is  an  intensive  growth  in  the  layer  (Q  =  13,100  cal/g*atom). 

The  structure  of  the  transition  zone  of  bimetallic  sheets  of 
steel  Khl8N10T  and  the  alloy  AMg6  (aluminum  clad)  immediately 
after  rolling  and  after  various  heat  treatment  regimes  was  also 
studied.  In  studying  the  structure  an  electron  microscope  method 
was  used  along  with  metallographic ,  X-ray  crystallographic,  and 
X-ray  spectral  methods,  and  microhardness  was  also  measured. 

Results  of  microscopic  and  electron  microscopic  analyses 
showed  that  in  bimetal  specimens  in  the  state  after  rolling 
intermetallic  phases  are  not  formed  in  the  transition  zcne.  The 
transition  line  in  the  bimetal  is  not  uniform.  Because  of  the 
different  degrees  of  compression  during  rolling,  the  texture  -and 
structure  of  the  steel  are  different  in  different  sections. 

In  electrolytic  polishing  the  basic  components  of  the  aluminum 
part  of  the  section  were  very  apparent.  This  part  might  consist 
of  two  to  three  regions,  which  could  be  distinguished  from  the 
basic  mass  of  the  metal  by  the  nature  of  their  etching  (Fig.  21a) . 

The  study  of  specimens  under  the  optical  microscope  in  the 
state  following  rolling  showed  that  in  the  contact  area  between 
aluminum  and  steel  there  was  a  bright  strip  on  the  aluminum,  which 
could  be  distinguished  by  its  etcnabillty  from  the  basic  aluminum;  It 
microhardness  was  higher  than  that  of  the  aluminum.  In  the  annealing 
process,  until  the  formation  of  the  intermetallic  compound  takes 
place,  there  is  a  certain  Increase  in  the  thickness  of  this  strip 
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(Pig.  21b).  After  the  advent  of  the  intermetallic  layer  growth  of 
the  bright  strip  practically  ceases,  and  it  is  gradually  displaced 
by  the  intermetallic  layer  (Pig.  21c).  We  might  assume  that  the 
increased  microhardness  of  this  strip,  and  its  different  reaction 
to  the  effect  of  the  etching  agents  in  comparison  to  the  original 
metals  could  be  explained  by  the  formation  of  a  solid  solution 
zone  of  the  diffusing  element  in  the  aluminum. 


Fig.  21.  Microstructure  of 
transition  zone  of  bimetal 
of  steel  Khl8N10T  and  alloy 
AMgb  (*300):  a)  -  original 
state;  b)  -  heating  tempera¬ 
ture  of  400°C,  holding  time 
of  6  h;  c)  -  520°C,  2  h. 
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Fig.  22.  Distribution  of  Iron  across 
zone  of  bimetal  compound  of  steel 
Khl8N10T/aluminum  ADI:  a)  -  original 
state;  b)  -  after  heat  treatment  of 
bimetal  (heating  temperature  of  550°C, 
holding  time  4  h) . 


In  microscopic  X-ray  spectral  analysis  of  the  bimetal  in  the 
original  state  intermetallic  phases  were  not  detected  on  the  Joint 
boundary  (Fig.  22a).  Furthermore,  on  the  steel  side  a  decrease  in 
the  concentration  of  iron  in  the  border  area  is  observed,  which  can 
apparently  be  explained  by  the  influence  of  the  previous  heat 
treatment  of  steel  Khl8N10T  on  the  surface  layers  as  well  as  by 
the  diffusion  of  the  iron  into  the  aluminum  under  rolling  conditions 
The  boundary  of  the  contact  metals  is  characterized  by  a  bright 
strip  on  the  aluminum  and  inclusions  on  the  aluminum  and  steel  sides 

The  sections  were  subject  to  heating  at  temperatures  of  300, 
400,  450,  460,  500,  520,  550  and  600°C  for  various  holding  times. 
Figure  23  shows  the  microstructures  of  the  transition  line  of  the 
bimetal  after  heating.  Heating  up  to  temperatures  of  ^50-460°C  and 
holding  for  12  h  did  not  cause  visible  changes  in  structure. 

During  heating  for  10  min  to  a  temperature  of  520°C  a  thin  inter¬ 
layer  of  metallides  3-3.8  pm  thick  was  detected.  The  formation  of 
the  intermetallic  phase  in  the  contact  zones  of  the  two  specimens 


did  not  occur  simultaneously.  An  electron  microscope  study 
confirmed  their  uneven  development.  In  one  part  we  see  pieces  of 
the  developed  layer.  In  others  this  layer  has  significant  dimensions, 
and  in  a  few  places  it  is  absent  all  together.  When  holding  time 
is  Increased  up  to  30  min  the  increase  in  width  of  the  intermetallic 
layer  up  to  7*5  ym  is  already  noticeable.  The  time  of  development 
of  the  intermetallide  along  the  transition  line  is  different  at  the 
same  temperature  in  different  batches  of  bimetal.  This  scatter  in 
the  data  on  the  time  of  development  for  intermetallides  on  the 
weld  boundary  during  heating  to  a  temperature  of  520°C  is  caused 
apparently  by  nonuniform  cohesion  in  the  different  parts  of  the 
bimetal,  which  is  caused  by  rolling,  and  by  the  nonuniformity  of 
diffusion  processes  during  heating.  In  heating  up  to  a  temperature 
of  550°C  an  intermetallic  layer  can  be  detected  in  all  specimens 
approximately  2-2.5  ym  wide  as  soon  as  10  minutes.  As  heating  time 
is  increased  up  to  20-30  min  the  width  of  this  layer  constantly 
increases  to  6-8  ym.  It  should  be  mentioned  that  a  longer  holding 
time  does  not  result  in  as  drastic  an  increase  in  the  intermetallic 
layer  as  the  first  30-40  min. 

Figure  24  shows  curves  representing  the  relationship  between 
layer  thickness  and  holding  time  In  k  -  plotted  from  experimental 
data.  This  dependence  is  expressed  sufficiently  well  by  a  straight 
line,  thus  indicating  satisfactory  agreement  with  the  basic  law  of 
diffusion  reaction  for  a  bimetal  consisting  of  steel  Khl8N10T  and 
alloy  AMg6.  The  activation  energy  of  the  diffusion  process  in  the 
combination  of  metals  selected  is  26,300  cal/mole. 

Through  microscopic  X-ray  analysis  in  the  bimetal  consisting 
of  steel  Khl8N10T,  aluminum  ADI,  and  alloy  AMg6  it  was  found  that 
the  transition  layer  consists  of  30-33$  iron  (Fig.  22b).  On  the  two 
sides  of  the  boundary  the  nature  of  diffusion  was  different: 
closer  to  the  layer  there  was  a  decline  in  the  iron  concentration 
at  a  distance  greater  than  3-5  ym;  no  diffusion  of  iron  was  observed 
in  the  aluminum.  It  should  be  mentioned  that  the  transition  layer 
is  distinguished  by  an  uneven  concentration  of  iron  with  respect  to 
width. 
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Fig.  23.  Microstructure  of 
transition  zone  of  bimetal 
consisting  of  steel  Khl8N10T 
and  alloy  AMg6  after  heating 
(x300):  a)  -  ^50°C,  8  h; 
b)  -  480°C,  4  h;  c)  -  600°C, 
2  h. 


3.  Latent  Period 

The  experiments  performed  on  heating  bimetal  specimens  of  the 
aluminum- arrnco  iron  combination  indicate  that  at  each  temperature 
there  is  a  time  interval  in  which  intermetallides  are  not  formed 
in  the  contact  zone.  This  is  the  so-called  latent  period  or  the 
induction  period.  This  period  corresponds  to  the  time  during  which 
the  reaction  does  not  develop  noticeably. 


Fig.  2k.  Thickness  of  intermetallic  layer 
as  a  function  of  holding  time. 

The  slow  development  of  intermetallides  in  the  contact  zone 
of  bimetallic  junctions  has  been  pointed'  out  in  [17^,  210].  For 
example,  T.  Heuman  and  S.  Dittrich,  studying  the  interaction 
between  solid  specimens  of  iron  and  aluminum,  have  shown  that  as  a 
rule  the  reaction  begins  at  a  temperature  above  a  certain  critical 
temperature,  between  590°  and  600°n.  The  fact  that  new  phases  are 
not  formed  below  this  critical  temperature  cannot  be  explained  by 
the  proposal  that  the  reaction  interaction  under  these  conditions 
has  a  slow  rate.  On  the  contrary,  the  reaction  rate,  despite  sharp 
changes  in  the  kinet  ic  parameters  observed  over  a  longer  period, 
is  so  high  during  this  initial  period  that  the  intermetallic  layer 
may  even  be  formed  at  lower  temperatures.  The  pattern  which  is 
actually  observed  can  under  the  studied  conditions  be  explained 
by  the  considerable  slowing  in  the  process  of  nucleus  formation 
in  the  new  phase,  whose  activation  energy  is  apparently  much 
greater  in  magnitude  than  the  activation  energy  of  the  process  of 
nucleus  generation  and  growth,  and  results  in  noticeable  nucleus 
generation  only  at  a  temperature  of  873°K.  If,  however,  part  of 
this  missing  energy  is  supplied  to  the  iron  artificially,  for 
example,  by  deformation,  then  this  will  cause  a  reduction  in  the 
critical  temperature  of  nucleus  formation.  Thus,  it  was  shown  that 
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in  forming  iron/aluminum  specimens  of  up  to  50%  it  is  possible 
to  reduce  the  temperature  at  the  beginning  of  the  mutual  reaction 
to  833°K. 


Fig.  25.  Temperature 
and  time  conditions 
of  intermetallide 
formation  in  armco 
iron/aluminum 
combination . 


In  our  studies  the  latent  period  was  determined  experimentally 
for  each  of  the  studied  temperatures.  Figure  25  is  a  graph  showing 
the  dependence  of  intermetallide  development  time  on  temperature. 

As  the  heating  temperature  is  increased  the  length  of  the  latent 
period  decreases.  Thus,  at  a  temperature  of  8l3°K  this  period  is 
2  h,  at  8^3°K  -  0.5  h,  and  at  a  temperature  of  873°K  this  period  is 
less  than  5  min.  Let  us  attempt,  based  on  experimental  data  obtained, 
to  calculate  the  latent  period  for  each  temperature. 

The  growth  of  the  layer  of  the  new  phase,  with  the  latent 
period  c  considered,  can  be  expressed  by  the  equation 

~c),  (7) 

where  c  is  the  latent  period.  The  other  symbols  are  the  same  as  in 
formula  (1). 

Let  us  find  the  coefficients  of  equation  (7). 

If  we  solve  the  equation  for  t,  we  get 

*  =■  (8) 

ft 
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Let  us  replace  ^  by  quantity  a: 

t  =  nx"+t\ 

If  we  take  the  logarithm  of  this  expression,  then  we  get 
In  (t  -  c)  =  in  a  +  n  In  x. 


If  we  assume  In  (t 
linear  dependence 


-  c)  =  y  and  lr  x  =  X ,  then  we  get  the 


y=bX+1n  a. 


(S) 


In  order  to  determine  c  let  us  compose  the  average  geometric 

x  -  /xTx- ,  where  x,  and  x  are  the  limiting  values  of  variable  x. 
s  1  m  *  1  m  D 

If  we  use  the  graph  which  represents  layer  thickness  as  a 

function  of  heating  time  for  each  temperature  (see  Fig.  17),  we 

will  find  the  appropriate  values  of  y  . 

s 


If  we  assume  that  points  M, (x.y.),  M  (x  y  ).  M  (x  y  )  lie  on 

r  Is  i*7 1'*  s  s^s  ’  m  nrm 

a  curve,  then  we  get  three  equalities:  y1  =  c  +  ax^;  y  =  c  +  ax11; 

_  i.  i.  s  s 


y„  =  c  +  ax11, 
^m  m 


If  we  raise  xg  =  /x^x  to  the  power  of  n  and  multiple  by  a. 


then  we  get 


nxl  ~  Yaxi  ax*,  or  y ,  »  V  <y.-*)(y„— <■) . 


After  solving  the  last  equality  for  c,  we  find 


c  =  y^m-yi 

y^-y,~2yf' 


(10) 


The  values  of  y  in  our  experimental  data  correspond  to  holding 
time  t,  whereas  X  corresponds  to  layer  thickness  x. 


Now  we  can  find  the  diffusion  equations  for  each  case,  if  we 
plot  dependence  In  x  on  In  (t  -  o)  and  find  exponents  n  and  k 
graphically.  These  dependences  were  plotted  in  coordinates  In  x  - 
In  t.  In  the  case  of  the  dependence  In  x  -  In  (x  -  c)  the  curves 
in  coordinates  x  -  (x  -  c)  pass  through  the  origin  of  the  coordinates. 
In  general  this  does  not  influence  the  value  of  n  and  k. 

For  each  temperature  we  determine  values  of  c  (Table  9)*  The 
calculated  values  of  c  were  close  to  the  experimental. 


Table  9-  Values  of  latent  period  for  different  temperatures. 


Tempera¬ 
ture,  °C 

Value  of  n 

Coefficient 
proportional 
to  diffusion 
coefficient , 
2/ 

cm  /s 

Time  during 
which  inter- 
metallides 
are  absent 
(according  to 
experimental 
data) 

Time  during 
which  inter- 
metallides 
are  absent 
( calculation) , 
h 

5^0 

2.1 

i  l1 

4.5- 10 

2.0 

1.5 

570 

2.0 

9. l-io"11 

0.5 

0.484 

600 

2. 1 

1.5-10-10 

0.08 

0.161 

650 

n-^  =  2.7 

(Section  I) 

7.5-10-10 

4*10“9 

- 

- 

n„  =  2.0 

C 

(Section  11 ) 

1.0 

1.5 

The  authors  of  [36]  indicate  that  the  activation  energy  of 
nucleus  deposition  in  the  intermetallide  phases  should  be  somewhat 
greater  than  the  activation  energy  of  the  growth  of  the  phases 
deposited.  Let  us  attempt  to  calculate  this  value  approximately. 
As  we  see  from  Fig.  25,  the  curve  representing  the  development  of 
into  metallides  has  an  exponential  nature.  In  this  case  the  time 
lag  can  be  determined  very  well  by  equation  (3),  which  describes 
the  transition  time  of  the  system  from  a  nonequilibrium  to  an 
equilibrium  state: 
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c-c.mp(£). 


(11) 


where  is  the  material  constant  and  the  remaining  designations 
are  the  same  as  in  formula  (3)* 


After  plotting  the  curves  representing  the  dependence  of  In  o 
on  jjr  from  available  experimental  and  calculation  data  for  c 
(Pig.  25),  we  determine  the  activation  energy  of  the  intermetallide 
deposition  process  and  the  pre-exponential  factor. 


For  the  aluminum/armco  iron  pair,  in  direct  contact  with  the 
studied  bimetal,  the  temperature-time  dependence  for  the  development 
of  intermetallides  acquires  the  following  form: 

a)  for  the  values  obtained  experimentally 


C=0,18-10-'«exp 


68000  \ 
RT  ): 


b)  for  values  obtained  through  calculation. 


=0,6-10- 


11  exp  ^ 


46000  \ 
RT  j 


(12) 


(13) 


If  we  compare  the  activation  energy  values  obtained  for  the 
latent  period  (the  activation  energy  of  intermetallic  phase 
deposition  in  the  contact  zone)  with  the  values  of  the  activation 
energy  which  determines  the  growth  of  the  intermetallic  layer, 
we  find  that  the  former  is  almost  two  times  greater  than  the  latter 

^deposition  “  192’6  “/mole;  Qgro„th  -  10*. 6  “/mole,  respectively). 
This  confirms  earlier  proposals. 


Metallographic  analysis  of  the  structure  of  the  bimetal 
consisting  of  steel  Khl8N10T  and  aluminum  ADl/alloy  AMg6  subjected 
to  heating  according  to  the  indicated  regimes,  and  processing  of 
the  experimental  data  made  it  possible  to  establish  the  following 
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temperature/time  dependence,  which  resulted  in  the  development  of 
the  intermetallides  [232]: 

(14) 

The  data  of  the  experimental  studies  and  the  calculation  curve 
describing  the  temperature/time  conditions  for  the  development  of 
the  intermetallides  are  shown  in  Fig.  26. 

'EM  rr*  O  £  \\ 

*  v>  •  J.  W  •!■•£_/  W  A  In'  Ui  U 

and  time  conditions 
of  formation  of  inter¬ 
metallides  in  the 
combination  of  steel 
Khl8N10T  and  aluminum 
ADI. 


4.  Phase  Composition  of  Transition  Layers 

We  know  from  studies  [195,  210]  that  when  solid  iron  interacts 
with  liquid  aluminum  alloy  layers  are  formed,  which  are  distinguished 
by  their  chemical  and  physical  properties.  Their  formation  and 
shape  depend  to  a  great  extent  on  the  temperature  and  length  of  the 
reaction.  However,  test  results  are  different,  and  because  of 
different  conditions  during  testing  it  is  not  possible  to  compare 
them  directly.  Thus,  this  problem  should  receive  additional  study. 

Figure  16  shows  the  microstructure  of  the  bimetal  consisting 
of  armco  iron  and  aluminum  after  heating.  Aluminum  rich  layers 
stand  out  quite  distinctly  on  the  surface  of  the  iron.  These  layers 
cut  characteristically  into  the  iron.  The  outer  zone,  which  forms 
the  predominant  part  of  the  alloy  layer,  consist  of  a  brittle 
compound  of  iron  and  aluminum,  which  penetrates  into  the  body  of 
the  iron  specimen  like  tongues.  Evidence  of  its  brittleness  are 
the  cracks,  which  can  be  distinguished  on  the  individual  "tongues." 
The  tongues  are  separated  from  the  iron  core  by  a  narrow  border  of 


the  alloy  of  the  other  concentration.  The  proposal  that  the  layers 
consist  of  several  zones  of  different  concentrations  is  also 
confirmed  by  the  data  of  microscopic  X-ray  spectral  analysis. 


The  study  was  made  on  a  microanalyzer  with  an  electron  probe, 
produced  by  the  "Samesa"  firm.  The  probe  diameter  in  all  cases  was 
1-2  ym.  The  work  regime:  energy  of  electrons  29  kV,  take-off 
angle  30°. 


Pig.  27.  Distribution  of  iron  across  weld  joint  of 
bimetal  aluminum  ADl/armco  iron:  a)  -  480°C,  10  h; 
b)  -  650°C,  6  h. 


The  distribution  of  the  iron  in  the  junction  zone  of  the 
bimetal  consisting  of  ADI  aluminum  and  armco  iron  after  heating 
at  a  temperature  of  650°C  for  6  h  is  shown  in  Fig.  27.  Section  I 
shows  inclusions  of  phase  FeAl^  in  the  aluminum.  This  is  followed 
by  section  II,  which  borders  the  aluminum,  where  there  is  a  zone 

! 

j 
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50-60  ym  wide  corresponding  to  phase  FeAl^.  The  basic  section  III 
100-140  ym  wide,  belongs  to  phase  FegAlj-.  On  the  boundary  of  this 
phase  we  have  the  section  IV  -  the  zone  of  the  solid  solution  of 
ct-iron;  V  -  iron. 

Thus,  the  data  of  the  microscopic  X-ray  spectral  analysis 
confirmed  the  presence  of  a  complex  structure  in  the  transition 
zone  of  the  bimetal  after  prolonged  heating. 

From  the  data  of  microscopic  X-ray  spectral  analysis  we  can 
also  follow  the  kinetic  growth  of  the  intermetallic  layers  in  the 
various  bimetal  combinations. 

Figure  28  shows  a  diagram  describing  the  distribution  of  iron 
across  the  weld  zone  in  the  bimetal  consisting  of  steel  Khl8N10T 
and  alloy  AMg6  during  heating.  In  this  state  after  rolling  (curve 
1),  and  also  after  heating  to  a  temperature  of  480°C  for  10  h,  we 
do  not  observe  a  formation  of  new  phases  along  the  transition  line 
In  such  heating  the  first  nonuniform  sections  appear:  in  the 
specimen  we  observe  both  "pure"  sections  (curve  2)  and  sections 
with  individual  inclusions  of  the  new  phases  (curve  3).  A  further 
increase  in  holding  time  at  48o°C  up  to  30  h  results  in  the 
appearance  of  a  developed  intermetallic  layer  consisting  of  28-315? 
iron  (curve  4).  The  same  holding  time  increases  the  thickness  of 
the  intermetallic  layer  in  several  places  up  to  15-20  um  without 
noticeably  changing  its  phase  composition  (curve  5).  At  the  same 
time,  there  are  areas  along  a  transition  line  during  holding  of 
60  h  in  which  only  new  centers  of  intermetallic  phases  are 
generated  (curve  6),  and  in  several  places  these  are  absent 
(curve  7).  At  higher  temperatures  -  550°C  -  a  holding  time  of 
4  h  results  in  the  formation  of  a  developed  intermetallic  layer 
( curve  8 ) . 
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Fig.  28.  Nature  of  distribution  of  iron  across  joint  zone  in 
bimetal  of  steel  Khl8N10T/alloy  AMg6  during  heating:  1  -  original 
state;  2  -  480°C,  10  h;  3  -  480°C,  10  h  { intermetallide  present); 

4  -  480°C,  30  h;  5  -  48o°C,  30  h;  6  -  480°C,  60  h;  7  -  48o°C,  60  h 
8  -  550°C,  4  h. 


Fig.  29.  Nature  of  distribution  of 
nickel  in  bimetal  of  steel  Khl8N10T/ 
alloy  AMg6  during  heating:  1  -  480°C, 
10  h;  2  -  48o°C,  30  h  (intermet allides 
present);  3  -  480°C,  30  h;  4  -  48o°C, 
60  h. 


The  basic  components  of  steel  KhlSNIOT  -  nickel  and  chromium 
participate  in  forming  the  transition  zone. 


The  nature  of  the  distribution  of  nickel  across  the  joint  zon 
of  the  same  specimens  is  illustrated  in  Fig.  29.  The  nickel 
participates  in  the  formation  of  the  intermetallic  layer  at 
practically  the  same  temperatures  as  iron  (curve  1).  At  a 
temperature  of  ^80°C  and  a  heating  time  of  30  h  we  observe  segment 
with  intermetallic  phases  being  deposited  (curve  2)  and  phases 
without  them  (curve  3)-  At  a  holding  time  of  6 0  h  nickel  has 
increased  its  participation  in  the  formation  of  the  intermetallic 
layer  (curve  4). 


no  wo  to  to  40  to  o  so  so  jo  L,  ym 

a)  b) 

Fig.  30.  Distribution  of  chromium 
across  joint  zone  of  bimetal 
consisting  of  steel  KhlSNIOT  and 
alloy  AMg6 :  a)  -  480°C,  30  h; 
b)  -  480°C,  60  h. 

The  distribution  of  chromium  across  the  joint  2one  of  the 
bimetal,  as  shown  in  Fig.  30,  indicates  that  chromium  at  a 
temperature  of  480°C  and  a  holding  time  of  30  h  is  intensively 
diffused  along  the  grain  boundaries  of  the  aluminum  (Fig.  30a). 

Its  magnitude  reaches  4—  U . 5% .  Only  at  considerable  holding  times 
(60  h)  does  the  chromium  begin  to  participate  in  the  intermetallic 
interlayer,  forming  the  compound  CrAlg  (Fig.  30b). 

The  data  obtained  are  in  agreement  with  the  diffusion 
coefficients  of  the  indicated  elements  in  aluminum. 


The  diffusion  coefficients  for  iron  and  nickel  in  aluminum 
were  determined  in  a  temperature  range  of  350-630°C  by  means  of 
isotopic  tracers  [l8l,  209]: 


/Wi  -  4*1  •  10-’cxp^-  ; 

DK,.A,  =  2,910-2 * * 5 * * 8exp(-^j. 

The  diffusion  coefficient  for  chromium  in  aluminum  was 
determined  in  a  temperature  range  of  250-605°C  and  was  [62,  196] 

Dci;.m  —  3,0t  •  JO-7  exp 

Thus,  the  data  obtained  made  it  possible  to  establish  the 
following: 

1.  The  diffusion  transition  zone  in  bimetal  specimens  is 
formed  in  two  stages.  In  the  first  stage  a  solid  solution  zone 
forms  in  the  aluminum.  Metallographically  this  appears  as  a  bright 
strip.  The  formation  of  the  zone  begins  in  the  process  of  preparing 
the  bimetal  sheets.  In  the  second  stage  the  layer  of  the  inter- 
metallic  joint  is  formed. 

2.  The  intermetalli c  joint  contains,  in  addition  to  aluminum, 

the  main  alloy  elements  of  the  steel  -  Cr  and  Ni.  The  concentration 

of  these  elements  are  uneven  with  respect  to  thickness  -  they 
decrease  in  the  direction  from  the  steel  toward  the  aluminum. 

5.  Contact  of  Hard  Steel  with  Aluminum  Melt 

When  aluminum  Interacts  with  steel  physicochemical  processes 

occur  which  result  in  the  formation  of  a  transition  diffusion  zone 

along  the  transition  line. 


15400\ 
RT  )' 


(17) 


(15) 

(16) 
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In  [76,  126,  137,  17^]  an  attempt  has  been  made  to  explain 
the  nature  of  the  delay  In  diffusion  processes  and  the  chemical 
interaction  3n  the  light  of  modern  concepts  of  the  formation 
mechanism  of  a  weld  joint  in  a  solid-liquid  phase.  The  interaction 
between  the  liquid  metal  and  the  solid  occurs  in  several  stages 
[25,  170],  mainly  adsorption  and  heterodiffusion  (chemical  reactions). 

When  a  molten  metal  interacts  with  a  solid  metal  chemisorption 
processes  (of  the  preliminary  interaction  stage)  play  a  leading 
role  in  the  formation  of  durable  bonds.  As  a  result  of  chemisorption 
the  adsorbed  particle  (molecule,  atom)  and  the  lattice  of  the 
adsorbent  form  a  single  quantum-mechanical  system.  The  formation 
of  durable  bonds  occurs  (according  to  Pauling)  during  the  process 
of  so-called  weak  chemisorption,  described  by  the  fact  that  the 
electron  cloud  of  the  adsorbed  atom  penetrates  into  the  electron 
cloud  of  the  metal,  while  the  metal  and  the  adsorbed  atom  each 
give  up  one  electron  with  an  unpaired  spin  to  the  "binding"  orbit. 
Consequently,  the  process  of  heterodiffusion  can  occur  only  after 
the  process  of  chemisorption,  i.e.,  after  the  atoms  of  the  inter¬ 
acting  metals  form  a  single  quantum-mechanical  system. 


The  time  of  chemisorption,  or  the  time  of  delay  in  the  diffusion 

E 

a 
RT 

processes,  can  be  determined  by  the  equation  t  =  t^e  , 


where  q  is 


the  heat  of  chemisorption;  E.  is  the  activation  energy  of 

3 

chemisorption. 


The  results  of  quantity  t  for  the  interaction  Fe  +  Al  [126] 
are  given  below  (where  energy  of  the 

adsorbed  atom  on  the  surface  of  the  metal)  : 


Variant 

t 

2 

3 

4 

keal/mole 

49.5 

19.5 

49.5 

49.5 

<7 

49.5 

32,9 

37,0 

20,4 

fj  •  • 

12.4 

12.4 

12.4 

12.4 

q+Kt 

61,9 

45,1 

49.4 

32,8 

S; 

r-97.r  k 

IQ-*'2 

JO -3.0 

JO-3.0 

io-« 

r-  i  123°  K 

so-’*7 

10 

10-s.J 

lO-*7 
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According  to  the  reduced  data,  the  delay  period  in  the 
diffusion  processes  can  vary  by  several  orders.  When  free  bonds 
are  present  on  the  surface  (variant  1)  the  heat  of  chemisorption 
q  is  close  in  magnitude  to  the  activation  energy  of  the  diffusion 
of  the  adsorbed  atom  into  the  solid  metal.  If  free  bonds  are 
absent  on  the  surface  (variant  4),  then  obviously  the  interaction 
is  closer  to  the  process  of  physical  adsorption,  as  indicated  by 
the  small  amount  of  adsorption  heat. 

The  activation  energy  for  the  diffusion  of  atoms  of  a  solid 
metal  into  a  liquid  is  less  than  the  activation  energy  in 
diffusing  the  liquid  metal  into  the  solid,  and  thus  diffusion 
into  the  liquid  metal  may  be  more  desirable.  Assuming  that  the 
diffusion  processes  begin  when,  during  energy  exchange,  the  atoms 
of  the  solid  body  acquire  an  energy  which  is  equal  to  the  activation 
energy  of  the  diffusion  of  the  atoms  of  the  solid  metal  into  the 
liquid,  then  the  delay  period  of  the  diffusion  processes  can  be 

'  Ej, 

brp 

calculated  according  o  the  equation  x  =  xQe  x . 

The  calculation  results  indicate  that  when  a  molten  metal 
interacts  with  a  solid  metal  quantity  x  is  by  several  orders  lower 
than  the  contact  time  of  the  solid  metal  with  the  liquid  under 
braze-welding  conditions.  This  means  that  it  is  difficult 
to  suppress  diffusion  processes  under  actual  welding  conditions. 
However,  the  beginning  of  diffusion  does  not  mean  the  beginning 
of  the  formation  of  intermetallic  compounds.  In  practice  the 
length  of  the  delay  in  forming  intermetallic  compounds  is  many 
times  greater  than  the  length  of  the  delay  period  in  diffusion 
processes . 

After  chemisorption  a  further  interaction  between  the  atoms 
of  the  contact  metals  Is  possible.  The  delay  period  in  the 
formation  of  intermetallic  compounds  Is  determined  by  the  magnitude 
of  activation  energy  in  the  reaction.  Thus  the  delay  Deriod  in 
diffusion  processes  coincides  with  the  delay  period  in  the  formation 
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of  the  inter-metallic  compound  only  when  q  +  E.  >  E  ,  where  E  is 

0  Bp  0  p 

the  activation  energy  of  the  chemical  reaction.  If,  however, 
q  +  E  <  E  ,  then  after  chemisorption  the  heterodiffusion  process 

0  0  P 

occurs,  which  can  lead  to  the  formation  of  intermetallides ,  although 
under  these  conditions  the  chemical  interaction  is  not  very 
probable.  In  this  case  a  certain  time  is  required  in  order  to 
obtain  the  limiting  concentration  above  which  the  intermetallic 
compound  is  formed.  We  can  assume  that  this  time  is  also  the 
period  of  delay  in  the  formation  of  intermetallic  compounds. 

The  authors  of  [115,  126]  estimated  through  calculation  the 

amount  of  activation  energy  in  the  reaction  which  forms  the 

compound  FeAl_,  and  compared  it  with  quantity  q  +  E  .  For  the 
5  3 

case  of  the  interaction  of  solid  iron  with  liquid  aluminum  we  have 
E  =62  kcal/mole  and  q  +  E  =  ^9-^  kcal/mole.  From  the  data 

0  P  0 

which  we  have  obtained  we  should  not  expect  the  delay  periods  of 
diffusion  and  the  formation  of  the  intermetallic  compound  to 
correspond. 

Now  let  us  estimate  the  length  of  the  delay  period  in  the 
formation  of  intermetallides  for  the  reaction  Fe  +  3A1  =  FeAl^: 

-AHgcjg  =  26.8  kcal/mole,  AS  =  -30.8  cal/mole-deg.  The  delay  period 
in  the  formation  of  intermetallic  compounds  depends  on  temperature: 
at  T  =  973°K  it  is  1.98-10-1  s;  at  T  =  1073°K,  ^.55-10~2;  at 
T  =  1123°K,  2.86-10"2  and  at  T  =  1223°K,  3.60-l(T3  s. 

Under  braze-solder  conditions  the  temperature  of  the  interaction 
depends  on  the  melting  temperature  of  the  low-melting  metal,  and 
thus  its  lower  limit  is  limited.  If  at  this  temperature  quantity  t 
is  small,  we  should  tnen  seek  another  method  (other  than  reducing 
the  temperature  of  interaction)  to  slow  down  the  reaction.  One 
such  method  is  that  of  introducing  an  additional  element  into  the 
molten  metal. 
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It  has  been  established  (considering  the  relatively  high  rate 
of  cooling  of  the  metal  during  welding)  that  temperatures  below 
520-505°C  are  safe  in  forming  interlayers  between  steel  and  aluminum. 

6,  Jntermetalllc  Compound  Zone  in  Contact 
Between  Liquid  Aluminum  and  Solid  Steel 

From  the  preceding  material  it  follows  that  if  we  increase 
the  temperature  of  metals  above  600°C  the  latent  period  quickly 
tends  toward  zero.  If  we  extrapolate  the  straight  line  (see  Fig. 

25)  to  the  melting  point  of  aluminum  (660°C),  then  we  will  be 
convinced  that  the  latent  period  at  this  temperature  will  be  almost 
equal  to  zero.  This  extrapolation  from  solid  to  liquid  aluminum 
can  be  based  on  the  data  of  V.  Z.  Bugakov  [25],  who  demonstrated 
that  the  curve  for  the  temperature  dependence  of  the  diffusion 
coefficient  in  the  formation  of  reactive  phases  between  zinc  and 
copper,  as  well  as  between  iron  and  zinc,  shows  no  inflections 
whatsoever  in  the  transition  of  zinc  from  the  solid  to  the  liquid 
state.  This  indicates  that  the  activation  energy  of  the  process 
is  practically  independent  of  the  state  of  matter  of  the  low- 
melting  metal.  Nevertheless,  the  formation  of  a  reactive  phase 
during  contact  with  the  molten  aluminum  and  the  propagation  of 
this  phase  can  differ  in  some  aspects,  which  are  related  to  the 
intensive  dissolution  of  the  iron  and  the  transfer  of  the  reactive 
phase  from  the  surface  of  the  steel  into  the  melt. 

In  order  to  test  these  proposals  and  their  applicability  for 
our  case,  steel  specimens  were  immersed  in  an  aluminum  melt.  They 
were  calorized  with  a  flux  (Table  23)  in  graphite  crucibles,  which 
had  an  inner  diameter  of  80  mrn  in  a  high-frequency  laboratory 
furnace.  The  temperature  of  the  bath  during  the  process  was 
measured  by  a  chromel-alumel  thermocouple.  The  effect  of  the  bath 
temperature  of  the  aluminum  and  the  holding  time  of  the  specimens 
at  a  given  temperature  on  the  depth  of  the  diffusion  zone  was 
determined  by  measuring  its  thickness  on  the  IMT-3  unit.  Specimens 
measuring  20  *  20  *  3  mm  were  used.  The  thickness  of  the  inter- 
metallic  compound  zone  was  measured  on  a  microscope  with  an  accuracy 


to  within  approximately  1  ym.  In  the  case  of  a  jagged  layer,  3-5 

series  of  measurements  were  taken  from  different  parts  of  each 

section.  First,  the  calorizing  capacity  was  tested  on  steels  of 
different  compositions:  KhlSNIOT,  28Kh3SNMVFA,  and  St.  3*  Clean 
steel  specimens  were  heated  for  two  minutes  in  a  layer  of  molten 
flux  before  being  submerged  in  an  aluminum  bath.  The  specimen  was 
in  motion  in  both  the  flux  and  the  molten  aluminum  bath,  which 
provided  for  better  cleansing  of  its  surface  and  more  durable 
cohesion  between  the  aluminum  and  the  base  metal. 

The  effect  of  heating  on  the  depth  of  the  diffusion  layer  was 

studied  up  to  the  following  temperatures:  900,  850,  800  and  700-d 
and  holding  times  of  15,  30,  and  45  s  and  1,  6,  10,  15,  and  30  min. 
As  follows  from  the  diagram  representing  the  dependence  of  the 
depth  of  the  diffusion  layer  on  the  time  that  the  specimen  remained 
in  the  molten  aluminum  and  on  the  temperature  of  the  bath,  the  depth 
of  the  diffusion  layer  increases  as  temperature  rises  and  as  the 
time  that  the  specimen  remains  in  the  bath  increases.  These  data 
indicate  that  the  thickness  of  the  intermetallic  layer  increases 
parabolically  in  time. 


It  was  discovered  in  studying  microscopic  sections  of  calorized 
specimens  that  the  nature  of  the  intermetallic  layer  on  low-carbon 
steel  is  drastically  different  from  this  same  strip  on  high-carbon 
steel  28Kh3SNMFVA  and  steel  Khl8N10T  (Fig.  31a,  b). 

A's  we  see  in  a  comparison  of  the  characteristic  microstructures 
of  calorized  layers  of  the  three  brands  of  steel,  the  thinnest 
layers  with  well  defined  even  boundaries  on  the  steel  side  were 
obtained  from  stainless  steel  Khl8N10T  (Fig.  31d).  The  micro¬ 
structure  of  calorized  steel  of  brand  St.  3  is  characterized  by 
tongue-like  projections  and  by  its  unevenness,  which,  as  we  will 
show  below,  results  in  low-strength  indicators  in  welded  joints. 

On  multialloy  steel  28Kh3SNMVFA  the  layers  occupy  an  intermediate 
position  with  respect  to  the  thickness  (Fig.  31c). 
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Pig.  31*  Microstructure  of  calorized  surface  on  low- 
carbon  steel  St.  3  (a,  b),  steels  28^35],'’^  h  (c)  and 
KhZBNIOT  (d)  (*300). 


A  detailed  description  of  the  formation  mechanism  c*'  the 
structures  in  the  diffusion  layer  has  been  given  Dy  S.  Koda  and 
others  [67,  143].  Based  on  their  studies  they  made  the  following 
proposal  on  the  mechanism  of  formation  and  growth  of  the  diffusion 
layers . 


i 

* 

i 
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When  the  solid  iron  comes  into  contact 
with  the  molten  aluminum  (Pig.  32a)  mutual 
diffusion  occurs  on  the  surface,  and  thus 
a  diffusion  layer  is  formed  in  each  metal. 
When  the  concentration  of  iron  is 
increased  in  the  aluminum,  FeAl^  -  the 
inter>metall  1  c  compound  with  the  least 
concentration  of  iron  -  is  formed,  which 
corresponds  to  the  phase  diagram  (Fig.  32b). 
In  this  initial  submersion  period  there 
is  a  local  short-term  decline  in  tempera¬ 
ture  near  the  specimen,  and  as  a  result 
the  compound  which  is  being  formed  ceases 
to  grow  into  the  melt  and  to  some  extent 
is  delayed  on  the  specimen  surface.  At  the  same  time  there  is  a 
significant  formation  of  the  solid  aluminum  solution  in  the  iron. 

As  the  reciprocal  diffusion  of  the  metals  progresses  the 
thickness  of  the  layer  reaches  a  certain  magnitude  and  the  compound 
Fe2Al^  is  formed  (Fig.  32c).  Here  the  orientation  of  the  crystals 
of  FeAl^  and  Fe^Al^  are  not  necessarily  ordered,  but,  as  mentioned 
by  Heuman  and  Dittrich  [210], due  to  the  specific  nature  of  the 
structure  the  Fe2Al,-  crystals  begin  to  grow  along  axis  C  at  a 
very  fast  rate,  forming  a  zone  of  columnar  crystals.  Here  the 
columnar  crystals  (Fe2Al,-)  grow  toward  the  iron  base,  while  the 
iron,  which  is  diffused  through  the  neighboring  FeAl^  layer, 
penetrates  the  aluminum.  With  further  diffusion  of  the  iron 
compound  Fe^Al^  Is  transformed  into  the  compound  FeAl^  (Fig*  32d). 

As  a  result  of  the  growth  of  phase  Fe2Al^  and  the  increased 
diffusion  rate  of  iron  into  the  aluminum  the  region  of  the  solid 
solution  of  aluminum  in  iron  disappears  (Fig.  32e). 

Thus,  the  process  of  the  diffusion  of  aluminum  into  iron  has 
been  determined  almost  comprehensively  by  the  behavior  of  the 
n-phase  (FejAl^),  which  in  the  Interaction  of  these  two  metals 
develops  almost  alone,  and  is  not  accompanied  by  any  other  phases 
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significant  enough  to  be  detected  (Pig.  32f).  Only  after  many 
attempts  was  it  possible  sometimes  and  with  the  aid  of  prints  to 
detect  over  the  tips  of  the  individual  "tongues*'  of  the  intermediate 
phase  the  extremely  narrow  disseminations  of  another  phase,  by  all. 
indications  belonging  to  the  a-solid  solution  of  aluminum  in  iron 

The  reasons  for  the  existence  of  the  experimentally  confirmed 
crystallographic  anisotropy  of  the  growth  of  the  intermetallic 
phase  have  a  unique  interpretation  in  the  crystallographic 
structure  of  the  n-phase,  which  K.  Schubert  and  his  colleagues 
were  able  to  decipher  [210]. 


Fig.  33.  Model  of  three 
elementary  cells  of  the 
h-phase  (Fe2Al^)  in  a 

stacked  position  (dark 
dots  are  aluminum  atoms, 
light  dots  are  iron 
atoms ) 


The  Fe0Alc  phase,  according  to  the  data  of  these  studies, 
has  an  elementary  cell  of  the  orthorhomic  type  and  two  C-axes 
directed  vertically  UDward,  one  on  top  of  the  other  (Fig.  33). 

The  nodes  of  the  cascade  along  the  C-axes  are  occupied 
exclusively  by  aluminum  atoms.  The  other  aluminum  atoms  and  all 
of  the  iron  atoms  are  found  inside  the  elementary  cell  or  on  its 

Q 

lateral  faces.  At  a  distance  of  2  they  form  a  ring  around  the 
individual  structural  chains  of  atoms  along  axis  C.  Consequently, 
in  the  crystals  of  the  n-phase  there  should  also  be  chain  elements , 
relatively  thickly  populated  by  aluminum  atoms,  having  the 
structure  -  2.10  kilo-X),  within  which,  inside  the  limits  of 
the  surrounding  quasi-circular  formation  of  aluminum  and  iron 
atoms  it  is  possible  to  assume  an  increased  deformability  and 
mobility  of  the  atoms  along  axis  C. 


Most  significant  in  this  connection  is  the  statement  by 
K.  Schubert,  confirmed  by  calculating  the  intensity  of  X-ray 
reflections  from  corresponding  structural  elements,  that  the 
atom  population  density  of  the  above-mentioned  chain  structural 
lattice  elements  in  some  cases  reaches  ^ly  70%.  This  high 
concentration  of  "holes"  in  the  individual  parallel  chain  elements 
of  the  structure  explains  the  increased  selective  mobility  of  the 
aluminum  atoms  in  certain  preferred  crystallographic  directions. 

The  area  of  the  basal  plane  of  the  crystal  lattice  coincides  with 
the  base  area  of  the  columnar  crystals  of  the  inte. metallic 
n-phase,  whereas  axis  C  corresponds  to  the  longitudinal  axis  of 
the  columnar  single  crystals  of  this  phase. 

Thus,  on  the  basis  of  these  ideas  we  can  find  a  simpler 
explanation  for  both  the  crystallographic  anisotropy  of  the 
diffusion  rate  and  for  the  relatively  great  integral  rate  of  the 
mutual  reaction  between  the  two  metals  and  the  subsequent  formation 
of  the  n-phase.  At  the  same  time  it  is  possible  to  answer  the 
question  of  why,  besides  the  Fe0Al^  phase,  we  do  not  detect  with 
sufficient  accuracy  the  other  intermetallic  phases,  which  should, 
according  to  the  aluminum-iron  equilibrium  diagram,  be  present 
in  the  studied  range  of  concentrations  and  temperatures. 

It  should  be  mentioned  that  the  data  on  the  phase  composition 
of  the  diffusion  zones  can  refer  to  analogous  zones  in  joints 
obtained  by  braze-welding,  since  the  thermal  cycle  in  this  case 
does  not  introduce  change  in  the  width  of  the  phase  fields. 

Thus,  since  at  temperatures  of  750-800°C  intermetallides  have 
the  form  of  columnar  formations  which  grow  from  the  boundary  into 
the  steel,  we  can  assume  that  the  diffusion  rate  for  aluminum  in 
steel  is  higher  than  the  rate  of  solution  of  the  intermetallides 
in  the  aluminum.  It  is  also  possible  that  the  aluminum  melt  is 
"sucked"  into  the  steel  by  capillary  forces  through  microscopic 
pores  [195]  and  by  the  melting  of  the  eutectic  along  the  grain 
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boundaries  [98].  The  width  of  the  interlayer  in  this  case  increases 
with  an  increase  in  the  contact  length.  During  crystallization  in 
the  aluminum  melt  it  is  also  distinguished  by  a  certain  quantity  of 
intermetailides . 

Increase  in  the  temperature  up  to  900-980°C  apparently  results 
in  a  more  significant  increase  in  the  diffusion  rate  through  an 
intermetallic  layer  of  iron  atoms  than  of  aluminum  atoms.  The 
solution  rate  of  the  intermetailides  also  increases.  In  the 
general  case  layer  thickness  may  not  increase  (and  may  even 
decrease)  with  an  increase  in  the  length  of  contact.  This  is  due 
to  its  intensive  dissolution  in  aluminum.  The  total  amount  of 
intermetailides  increases,  yet  a  significant  part  of  them  will  be 
deposited  from  the  volume  of  the  aluminum  melt  as  it  crystallizes. 

7.  Kinetics  of  Iron  Dissolution 
in  Liquid  Aluminum  Under 
Mixing  Conditions 

The  kinetics  of  dissolution  of  a  solid  metal  in  a  liquid  is 
one  significant  factor  in  the  process  of  welding  different  types 
of  metals,  in  particular,  steels  with  aluminum  melts  [158].  The 
solution  rate  depends  not  only  on  the  nature  of  the  diffusing 
and  base  metals  and  the  temperature  of  the  processes,  but  also  on 
the  relationship  of  the  area  of  the  dissolving  surface,  the  volume 
of  the  melt,  and  the  mixing  regime  [106,  107].  Hence  it  is  possible 
to  regulate  the  relationship  of  the  rates  of  growth  and  dissolution 
of  the  intermetallic  layer,  which  is  of  interest  from  the 
technological  standpoint. 

The  kinetics  of  the  dissolution  of  iron  in  liquid  aluminum  in 
a  temperature  range  of  720-820°C  and  specimen  revolution  rates  of 
20-35  r/min  were  studied  by  Darby  and  others  [ 1 88 3 -  They  arrived 
at  the  conclusion  that  the  dissolution  of  Iron  in  liquid  aluminum 
occurs  under  diffusion  conditions.  Kosaka  and  others  [219,  220] 
studied  the  rate  of  dissolution  of  steel  containing  1.8 %  chromium 
in  liquid  aluminum  in  a  temperature  range  of  750-900°C  under  static 
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conditions,  mixing  the  melt  with  an  argon  Jet  at  a  regulated  rate. 
The  dissolution  of  chromium  steel  in  liquid  aluminum  is  also  a 
diffusion  process,  although  the  small  values  of  the  solution  rate 
constants  (0. 4-2* 10~^  cm/s)  and  the  high  activation  energy  (greater 
than  30  kcal/mole -deg)  indicate  the  possibility  of  damping  the 
solution  process  on  the  contact  interface  between  the  solid  iron 
and  the  liquid  aluminum. 


In  [55,  56 ]  regularities  were  established  for  the  rate  of 
solution  of  armco  iron  in  liquid  aluminum.  The  specimen  used  -  a 
revolving  disk  11  mm  in  diameter  -  provided  a  uniformly  excessible 
surface,  and  the  formation  of  the  lntermetalllc  layer  on  the 
solution  surface  was  considered.  The  materials  used  were  aluminum 
of  high  purity  (mark  AV000),  containing  99-99 %  Al,  and  armco  iron 
in  the  form  of  bars  with  the  following  composition  (in  wt.  %) : 

0.06  C,  0.15  Mn,  0.14  Si,  0.012  S,  0.05  Cr,  0.12  N1 ,  0.07  Mo, 

0.24  Cu,  0. 04  P. 

The  solution  kinetics  of  armco  iron  in  liquid  aluminum  were 
studied  at  temperatures  of  700,  750,  800,  and  850^0  and  at  four 
rates  of  rotation  in  a  range  of  63.1-351-6  r/min.  The  experiment 
was  long  enough  to  assure  calculation  of  coefficient  K  (K  is  the 
solution  rate  constant)  in  the  Nernst-Shchukarev  equation  with 
an  error  of  less  than  105?  according  to  the  formula 


lg  c^(em-c) 
0,434 StajP  ’ 


(18) 


where  c  is  equilibrium  solubility;  c  -  the  concentration  of  the 

H 

admixture  in  the  melt;  S  -  the  surface  area  of  the  solid  specimen; 
t  -  solution  time;  p  -  density  of  melt;  P  -  weight  of  melt. 


In  the  Nernst-Shchukarev  equation  [553 


dc 

dt 


(19) 
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coefficient  K  does  not  dep  ;nd  on  time  in  kinetic  or  diffusion 
solution.  However,  in  certain  cases  a  deviation  from  equation 
(19)  was  noted,  apparently  associated  with  the  formation  of  am 
additional  "barrier"  in  the  solid  phase  in  the  region  adjacent  to 
the  liquid. 


Fig.  3^-  Coefficient 
K  as  a  function  of 
reduced  solution  time 
at  a  temperature  of 
700°C  (a)  and  750°C 
(b) :  1  -  63.1  r/min; 

2  -  159. 3  r/min ; 

3  -  239-0  r/min. 


Since  in  system  Al-Fe  there  are  a  number  of  intermetallic 
compounds  which  can  serve  as  additional  "barriers"  during  solution 
(besides  the  diffusion  boundary  layer),  deviations  from  equation 
(19)  would  also  be  admissible  in  this  case.  In  order  to  test  the 
applicability  of  equation  (19)  dependences  were  plotted  for  K  on  t 
for  temperatures  of  700,  750,  800,  and  850°C  and  rotation  velocities 
of  63.1  r/min,  159-3  r/min,  239-0  r/min,  and  351-6  r/min.  At 
temperatures  of  700  and  750°C  all  of  the  diagrams  show  a  minimum 
in  values  of  K,  whose  magnitude  decreases  as  the  rate  of  rotation 
of  the  disk  increases  (Fig.  3^).  At  temperatures  of  800  and  850°C 
there  is  a  time  increase  in  K  values  in  all  cases.  We  can  assume 
that  the  nature  of  the  change  in  K  in  the  Nerst-Shchukare/  equation 
is  related  to  the  sequence  of  development  and  to  the  growth 
characteristics  of  the  intermetallic  phases  which  are  formed  on 
the  boundary  between  the  solid  and  liquid  metals. 
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In  order  to  understand  the  results  which  we  have  obtained 
we  can  use  the  well  established  experimental  fact  that  when  the 
armco  iron  is  submerged  in  the  molten  aluminum  only  two  of  the  five 
intermetallic  compounds  which  are  formed  in  the  Al-Fe  system  are 
observed  on  the  boundary.  Since  the  values  for  the  heat  of  formation 
of  intermetallides  FeAl^  and  Fe^Al^  are  extreme  close,  we  can  assume 
that  of  the  two  intermetallides  the  one  richer  in  aluminum  FeAl^ 
should  develop  first.  The  growth  of  layer  thickness  in  this 
intermetallide  (0-phase)  should  result  in  a  decrease  in  coefficient 
K  if  the  0-phase  has  protective  properties.  The  formation  and  the 
solution  of  the  0-phase  occur  simultaneously. 

Thus,  the  concentration  of  iron  in  the  melt  corresponding  to 
minimum  K  values  on  the  diagrams  is  obtained  as  a  result  of  the 
influence  of  two  factors  -  the  solution  of  the  0-phase  and  the 
diffusion  of  the  iron  through  this  phase  layer.  Since  minimum 
values  of  K  are  obtained  faster  at  a  greater  disk  rotation  rate, 
while  diffusion  of  the  iron  in  the  0-phase  should  not  depend  on 
the  rotation  rate,  then  the  relationships  which  we  can  observe 
are  the  result  of  a  change  in  the  solution  rate  of  FeAl^  from  the 
rotation  rate  of  the  specimen,  i.e.,  the  0-phase  layer  dissolves 
according  to  a  diffusion  or  combined  mechanism.  Upon  reaching  a 
certain  critical  thickness  in  the  0-phase  layer  the  diffusion 
flux  of  iron  is  so  diminished  that  the  solution  rate  of  the  specimen 
becomes  equal  to  the  solution  rate  of  phase  FeAl^.  There  is  a 
simultaneous  decrease  in  the  amount  of  aluminum  which  is  diffused 
in  the  opposite  direction  toward  the  boundary  between  Fe  and  FeAl^, 
which  causes  intensive  growth  in  the  less  aluminum  rich  phase 
Fe^Alj.  (n-phase). 

The  FegAl^  phase  layer  which  is  formed  during  the  solution 
process  is  characterized  by  very  developed  porosity.  Thus,  it  is 
now  possible  for  fragments  of  crystals  of  the  n-phase  to  be 
transferred  into  the  melt  and  subsequently  dissolve  in  the  liquid 
aluminum.  As  a  result  the  actual  rate  of  solution  is  greater  than 
that  obtained  from  the  Nernst-Shchukarev  equation.  This  treatment 
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agrees  with  the  results  obtained  from  studying 
the  composition  of  the  intermetallic  layer 
which  develops  when  armco  iron  is  submerged 
in  liquid  aluminum  and  aluminum  with  3*3$ 
silicon  added.  When  armco  iron  dissolves 
in  melts  of  aluminum  and  aluminum  with  3% 
silicon  added  (700°C  and  159-3  r/mir.)  in  the 
first  stage  the  dependence  of  K  on  t  is 
identical  in  both  cases  (Fig.  35)-  In  the 
second  stage  of  solution  the  rates  of 
formation  and  dissolution  of  the  FeAl^  phase 
become  almost  equal  for  aluminum  with 
silicon  added.  The  solution  rate  constant 
of  phase  FeAl^  is  about  0.0015  cm/s,  i.e. , 
is  about  one  third  of  that  in  the  solution 
of  iron. 

Thus,  in  the  first  solution  stage  (descending  branches  on 
diagrams  in  Fig.  3*0  the  process  is  slowed  by  the  increased  thickness 
of  the  intermetallic  phase  FeAl^;  in  the  second  stage  (ascending 
branches  in  Fig.  3*0  the  process  is  accelerated  by  the  breaking 
away  of  Fe^Al^  crystal  fragments.  The  second  stage  of  the  solution 
process  is  not  very  suitable  even  for  semiquantitative  evaluation, 
despite  the  fact  that  the  reason  for  the  mechanical  breakdown 
is  in  this  case  diffusion  porosity,  caused  by  the  different 
diffusion  concentrations  of  iron  and  aluminum  in  phase  Fe^Al^  [88, 
199].  The  first  stage  of  the  process  can  obviously  be  estimated 
quantitatively  by  a  combination  solution  of  the  main  solution 
equation  (19)  and  expression  (2j,  which  relates  diffusion  layer 
thickness  and  time. 


Fig.  35.  Depen¬ 
dence  of  coeffi¬ 
cient  K  on  reduced 
dissolution  time: 
O  -  solution  in 
pure  aluminum; 
x  -  solution  in 
aluminum  with 
3  wt .  %  silicon 
added . 


In  the  first  stage  of  the  solution  process  c  <<  c  ,  and  thus 

H 

equation  (19)  can  be  written  as: 


dc 

dt 


8*J 


(20) 


After  transformations  Ya.  V.  Natanzon  [55]  proposed  an  equation 
which  would  describe  the  time  change  in  the  concentration  of  the 
dissolving  material  when  solution  was  complicated  by  the  growth 
of  the  intermetallic  layer  on  the  external  boundary  of  the  dissolving 
material,  functioning  in  a  protective  role: 

r  =  (21) 

✓ 

The  values  for  coefficients  A  calculated  from  the  results  of 
experiments  on  dissolving  armco  iron  in  a  melt  of  pure  aluminum 
and  in  aluminum  with  3%  silicon  added  are  the  same  (0.057).  This 
is  one  assurance  that  the  described  solution  mechanism  is  correct. 

Expression  (21)  is  distinguished  from  the  usual  concentration/ 
time  dependence  (without  considering  the  effect  of  the  intermetallic 
layer  c  =  ^kt)  merely  by  the  exponent  for  t. 

Thus,  in  the  case  of  the  formation  of  an  additional  "barrier" 
during  solution  the  transfer  rate  of  the  material  from  the  rotating 
disk  depends  less  on  the  rate  of  rotation  than  we  might  believe 
from  the  theory  of  V.  G.  Levich  [90]. 

p 

Let  us  use  the  expression  x  =  k^t  to  estimate  the  size  of 
in  the  case  where  the  rate  of  formation  (growth  of  thickness) 
of  the  intermetallic  layer  and  its  rate  of  solution  in  the  melt 
are  the  same. 


The  rate  of  growth  of  the  thickness  of  the  layer 

d]C  ky 
dt  =32x' 


Prom  equation  (20)  we  get 


(22) 


(23) 
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Since  c  =  ~  (m  is  the  weight  of  the  dissolving  intermetallide ) 
and  m  =  Sd  (d  is  the  density  of  the  studied  inter-metallic 

MHT  MHT  J 

compound),  then 


KcJ  ,  dx  Kc, 

and  --  “•  - . 


If  we  use  (22)  and  (24),  then  we  get 


2Kctx 


(24) 


(25) 


The  last  expression  enables  us  to  calculate  the  constant  for 
the  rate  of  growth  in  the  thickness  of  the  intermetallic  layer 
when  the  formation  rate  of  the  layer  is  equal  to  its  solution  rate, 
i.e.,  when  the  thickness  of  the  intermetallic  layer  remains 
constant  during  the  solution  process. 


The  rate  of  growth  in  the  thickness  of  the  layer  in  phase 

Fe-Al,-  was  obtained  at  a  temperature  of  800°C  and  rotation  rates 

of  159-3  and  615.4  0/ min  and  under  nominally  static  conditions. 

In  experiments  with  specimens  in  the  form  of  rotating  disks  the 

2 

surface  solution  area  was  1  cm  ,  and  the  volume  of  the  melt  was 
o  c 

5  cm  ,  i.e.,  ratio  ^  was  0.2  cm.  The  thickness  of  the  n-phase 
layer  was  determined  by  the  average  distance  of  the  displacement 
front  of  the  n-phase  of  the  hl/Fe  boundary.  This  type  of  error 
in  measuring  was  determined  primarily  by  error  in  estimating  the 
position  of  the  Al/Fe^Al,-  boundary,  which  was  usually  unclear  as 
a  result  of  the  section  being  "buried." 

Fig  ”"e  36  shows  the  change  in  layer  thickness  of  the  n-phase 
as  a  function  of  time  as  the  armco  iron  specimens  are  dissolved 
under  nominally  static  and  dynamic  conditions  at  rotation  rates  of 
159-3  and  615.4  r/min  and  a  temperature  of  800°C.  Characteristic 
of  the  curves  in  Fig.  36  is  the  fact  that  the  thickness  of  the 
intermetallic  layer  is  independent  of  solution  time  at  the  initial 
moment  in  time.  This  time  interval  in  experiments  conducted  under 
nominally  static  conditions  corresponds  to  30  s,  whereas  for 
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experiments  under  dynamic  conditions  it  rises  to  10  min  (159*3 
r/min).  This  feature  in  curves  representing  the  thickness  of  the 
n-phase  layer  in  relation  to  time  had  not  previously  been  observed 
in  experiments  with  solid  specimens  submerged  ■'n  a  melt  for  the 
purpose  of  obtaining  intermetallic  iron/aluminum  layers. 


Fig.  36.  Thickness  of 
intermetallic  layer  of 
Fe2Alf-  (6,  cm)  as  a 

function  of  solution 
time  at  800°C: 

+  -  static  conditions; 
O  -  dynamic  conditions 
(160  and  6 1 5  r/min). 


Thus,  the  indicated  deviations  from  the  parabolic  law  of  the 
growth  in  thickness  of  the  intermetallic  layer  are  apparently 
related  to  the  accelerated  dissolution  of  the  intermetallic  layer 
at  the  initial  moment.  It  is  characteristic  that  a  layer  thickness 
of  approximately  0.1  mm  is  observed  after  a  minimal  solution  time, 
equal  in  the  experiments  to  1  s.  We  can  assume  that  a  layer  of 
minimal  thickness  develops  when  specimens  are  code1  in  a  vacuum 
from  the  experimental  temperature  (800°C)  to  4uG-6QQ°C  for  1-3  min. 


Expression  (25)  lets  us  calculate  the  constant  of  the  rate  of 
growth  in  the  0 -phase  in  the  following  case: 


2Kc„x  _  2  0.0015  0.0625-0, 002 
»  3,45 


=  1,05- 10~7 


2 


cm 


/s. 


If  we  compare  this  value  with  that  obtained  in  [219]  for  the 
growth  rate  constant  of  the  Fe^M^  phase  at  a  temperature  of  715°C 
=  2.2* 10~^  cm^/s ,  we  find  that  t*e  9-phase  layer  increases  20 
times  as  fast  as  the  n-phase  layer.  Numerically  this  confirms  the 
fact,  observed  by  various  authors  [220]  that  the  n-phase  has  a  rapid 
growth  rate  in  comparison  to  the  other  intermetallic  phases  in  the 
aluminum-iron  system. 
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If  the  bond  between  the  iron  and  the  aluminum  is  to  have 
sufficient  strength,  then  the  intermetallic  layer  which  forms  on 
the  boundary  (of  the  n-phase  primarily)  should  not  have  cracks  or 
large  pores.  In  order  to  estimate  the  effect  of  the  solution  rate 
on  the  porosity  of  the  intermetallic  layer  a  series  of  experiments 
was  performed  at  a  temperature  of  850°C  and  rotation  rates  of  63. 1, 
159* 3 >  239,  and  527  r/min.  Prom  the  data  of  these  experiments 
it  follows  that  the  rate  of  rotation  of  a  specimen  considerably 
influences  the  porosity  of  the  intermetallic  layer. 

The  experiments  indicated  that  the  thickness  of  the  inter¬ 
metallic  layer  can  be  regulated  as  follows:  1)  by  selecting  an 
optimal  temperature  for  the  welding  process,  which  will  provide 
an  optimal  ratio  between  the  formation  rate  of  the  intermetallic 
layer  and  its  solution  rate;  2)  selecting  an  optimal  ratio  of 
y  (the  area  of  the  solid  surface  and  the  volume  of  the  liquid  bath); 
3)  by  selecting  alloys  (for  example,  containing  silicon)  which  have 
a  substantial  effect  on  the  composition  and  growth  rate  of  the 
intermetallic  layer. 

If  this  is  considered,  then,  as  we  will  show  below,  we  will 
first  obtain  steel-aluminum  compounds  which  do  not  have  an  inter¬ 
metallic  layer  (or  a  significant  intermetallic  layer)  along  their 
transition  lines. 

The  nature  of  the  behavior  of  the  processes  on  the  aluminum/ 
steel  boundary  is  caused  by  a  drastic  temperature  change  in  the 
welding  process,  and  thus  as  a  rule  we  do  not  observe  either  an 
Intensive  development  in  the  diffusion  zone  or  a  significant 
dissolution  of  the  base  metal  in  the  metal  of  the  Jo^nt  (aluminum). 

The  thermal  welding  regime  from  the  standpoint  of  the  formation 
of  intermetallic  phases  was  estimated  according  to  a  method  proposed 
by  L.  A.  Fridlyand  [165]»  who  considered  the  characteristic  features 
of  heat  propagation  in  the  combination  steel-aluminum  weld.  The 
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heating  and  cooling  curve  for  a  point  on  the  contact  surface 
between  the  metals  during  welding  (Pig.  37)  is  divided  into  a 
certain  number  of  equal  and  rather  small  temperature  intervals 
t, ,  t„,  ....  t  ,  within  the  limits  of  each  of  which  the  latent 
period  (of  induction)  is  considered  constant.  The  ratio  of  the 
length  of  time  that  t  remains  at  a  given  temperature  interval  to 
c  expresses  the  unused  part  of  the  or>r5od  of  induction.  The 
condition  of  the  absence  of  intermetallic  phases  in  the  combination 
is  in  this  case  expressed  as: 


c 


<1. 


(26) 


Fig.  37-  Diagram 
illustrating  the 
method  of  using 
the  data  on 
isothermic  holding 
for  constant 
heating  and  cooling 
conditions. 


On  the  basis  of  the  above  it  can  be  assumed  that  preventing 
the  formation  of  brittle  intermetallic  phases  is  related  to 
control  over  the  rate  of  formation  of  this  layer.  However,  to 
obtain  specific  data  for  calculating  according  to  formula  (26)  we 
must  first  of  all  study  the  actual  thermal  cycle  of  the  points  on 
the  transition  line  of  the  aluminum/steel  joint. 
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CHAPTER  III 


INVESTIGATING  THE  HEAT  PROPAGATION 
PROCESS  IN  AN  ALUMINUM/STEEL  JOINT 

The  interface  between  the  aluminum  and  the  steel  in  a 
composite  welded  joint  is  a  very  important  zone,  in  which  processes 
(reactions)  arise,  which  determine  technological  and  operational 
strength,  seam  tightness,  and  also  its  corrosion  resistance.  The 
Intensity  of  the  occurrence  of  these  processes  and  the  degree  of 
their  completeness  depend  primarily  on  the  thermal  effect  during 
welding. 

The  number  of  intermetallic  iron-aluminum  phases,  formed  on 
an  interface,  is  determined  by  the  highest  temperature  of  the 
thermal  cycle  and  by  the  length  of  time  the  interface  remains  at 
high  temperatures.  To  accurately  designate  the  technological 
regime,  which  excludes  or  inhibits  the  appearance  of  intermetallic 
phases,  it  is  necessary  to  study  the  laws  governing  the  formation 
and  the  development  of  these  phases.  The  first  stage  in  the  study 
of  the  indicated  regularities  is  the  investigation  of  the  processes 
of  heat  propagation  in  steel/aluminum  welded  products.  Such 
composite  joints,  as  a  consequence  of  the  considerable  difference 
in  the  thermophysical  properties  of  the  components,  have  character¬ 
istic  pecularities  in  their  heat  propagation.  There  is  a  dearth 
of  data  in  literature  [6,  30,  238]  on  the  unique  nature  of  heat 
propagation  in  steel/aluminum  joints.  Thus,  the  problem  of  the 
author  in  this  section  was  to  determine  and  to  calculate  the  maximum 
temperatures  at  the  interface  between  the  aluminum  and  the  steel 
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in  bimetallic  models.  In  order  to  do  this,  it  was  necessary  to 
experimentally  obtain  basic  initial  data  for  the  calculation. 
Calculation  was  carried  out  on  the  basis  of  the  theory  of  heat 
propagation  during  welding,  developed  by  Rykalin,  an  academician 
of  the  AS  USSR. 

During  the  course  of  the  investigations  it  was  necessary  to 
resolve  the  following  problems:  a)  to  select  a  calculational 
scheme  for  determining  the  maximum  temperatures  and  the  temperature 
bound  for  the  application  of  the  accepted  calculational  system; 

b)  the  heat  input  values  during  the  welding  of  a  composite  joint; 

c)  to  select  the  constant;  coefficients,  characterizing  the  thermo¬ 
physical  properties  of  the  aluminum  alloys  being  welded  and  of  the 
steels,  which  are  components  of  the  bimetal,  which  would  satisfy 

the  calculational  equation;  d)  to  determine  for  various  combinations 
of  components  of  bimetals  the  t  ... e  that  the  interface  between  the 
aluminum  and  the  steel  is  higher  than  the  specific  "critioal,, 
temperatures . 

1.  The  Efficiency  of  the  Process  of  Heating 
a  Steel/Aluminum  Joint  with  an  Arc 

In  connection  with  the  absence  of  data  on  the  effectiveness 
of  heating  a  steel/aluminum  joint  with  an  arc,  burning  in  an  argon 
medium,  it  was  expedient  to  carry  out  experiments  to  clarify  the 
effect  of  the  parameters  of  the  argon-arc  welding  regime  on  the 
iegree  of  heating  of  this  type  of  joint  both  in  the  case  of  the 
welding  of  the  aluminum  cladding,  as  well  as  of  the  steel  base. 

In  this  case,  08kp  steel-AMg3  aluminum  alloy  bimetallic 
Mt  terns  with  dimensions  of  75  *  200  mm  were  employed  for  the 
experiments;  the  total  thickness  of  the  bimetal  was  3.5,  ^.2,  5.8, 
and  10  mm.  The  patterns  simulated  lap  welded  joints. 
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First,  a  bead  was  deposited  on  a  clad  layer  of  aluminum  alloy 
on  a  ADSV-2  automatic  machine  by  argon-arc  welding  (the  ac  was  from 
a  IPK-350  power  supply).  The  welding  regimes  were:  welding  rate  - 
12.5-16.8  m/h,  the  wire  feed  rate  -  2.2  m/min,  the  argon  flow  rate  - 
up  to  16  Z/min.  To  ^void  significant  heat  transfer  into  the  backing 
before  depositing  the* bead  the  sample  was  placed  on  the  two  v-shaped 
guides  of  the  jig.  The  beaded  sample  immediately  after  depositing 
of  the  bead  was  placed  in  a  calorimetric  vessel  (a  water  calorimeter 
with  a  capacity  of  12  l) .  The  temperature  was  measured  with  a 
standard  thermometer  with  a  scale  graduation  of  0.2°C.  The  arcing 
time  and  the  time  that  the  sample  remained  in  the  calorimeter  was 
measured  by  a  stopwatch,  and  the  electrical  parameters  -  voltage 
and  current  magnitude  -  visually  on  panel  measuring  instruments. 

Each  experiment  was  repeated  not  less  than  three  times  under 
identical  concitions.  Efficiency  was  determined  for  three  values 
of  welding  current  -  120,  150,  and  170  A;  the  voltage  in  this  case 
was  very  stable  -  12-13.5  V.  After  the  calorimetric  measurement 
the  samples  were  weighed  to  within  an  accuracy  of  up  to  0.1  g. 

The  efficiency  of  the  heating  of  the  bimetallic  model  by  the 
arc  was  computed  as  a  ratio  of  the  heat  input  by  the  arc, 

including  the  heat,  going  to  the  heating  of  the  base  metal  and  the 
welding  (filler)  rod,  to  the  total  heat  input,  considered  to  be 
equal  to  the  thermal  equivalent  of  the  electrical  energy: 


'*6  in 


0,24/tf 


(27) 


(q  was  determined  from  the  data  of  the  calorimetric  experiments). 


The  total  quantity  of  heat,  introduced  into  the  sample,  was 
determined  from  equality 


<?«♦  ( Tm-  (T«-  r„)+ 

■f*^o6p^o6p  (T m  7*«)1’  1.02. 


(28) 
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where  m  -  the  mass  of  the  water  in  the  calorimeter,  in  our 

B 

experiments  m,  =  12  J;  c  -  the  specific  heat  of  water  -  equal  to 
4.1 86 8  x  10^  J/(kg"deg);  Tm  -  the  maximum  established  water  tempera¬ 
ture  in  the  calorimeter  (final  water  temperature);  Tq  -  the  initial 
water  temperature;  m^  -  the  mass  of  the  calorimeter  with  the 
agitator,  in  our  experiments  m  =  3950  g;  c  -  the  specific  heat 

K  H 

of  the  calorimeter  of  mild  steel,  c  =  669.8  J (kg* deg);  T  -  the 
temperature  of  the  ambient  air;  cq6  -  the  specific  heat  of  the 
sample . 


The  specific  heat  of  the  bimetallic  sample  was 


(29) 


where  x  -  the  weight  percents  of  the  aluminum  content  in  the 
bimetallic  sample. 


The  coefficient  1.02  (2%)  considered  the  losses  from  water 
evaporation,  heat  losses  during  welding  and  during  the  transfer  of 
the  sample,  and  also  the  heat  losses  due  to  the  difference  in 
enthalpies . 


The  calculated  heat  input  was  determined  from  expression 


QP«s=0.24/r/c,. 

whence  the  efficiency  of  the  process  of  the  heating  of  the  bimetal 
by  the  arc  was 

_  _ 

•fiitvr  —  T  * 

Vpaci 

The  results  of  the  measurements  of  the  parameters  for  determination 
of  hgH(V|  during  bead  forming  with  respect  to  the  aluminum  cladding 
and  the  steel  base  and  the  nature  of  the  variation  in  the  heating 
efficiency  of  the  bimetallic  joint  by  the  arc  are  illustrated 
in  Fig.  38.  An  analysis  of  the  graph  makes  it  possible  to  draw 
the  following  conclusions. 
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1.  With  identical  electrical  arc 

power  its  heat  input,  received  by  the 
bimetal,  is  greater  in  the  case  of 
bead  forming  on  the  steel  base 
(n  =  0.82),  than  for  the  aluminum 

C  p  »  C  T 

cladding  (n  =  0.62). 

c  p .  a  ji 

2.  The  increased  value  of  the 
efficiency  n  __  as  compared  witr  the 

C p  •  CT 

efficiency  r\  can  be  explained, 

cp .  a  n 

apparently,  by  the  distinctive 
supplemental  heating  by  the  thermal 
wave,  passing  through  the  aluminum 
cladding,  situated  under  the  steel  base. 

3.  The  presence  in  the  bimetal  of  the  steel  base,  "ideally" 
adjoining  the  aluminum  cladding,  intensifies  the  heat  ci  juisfer 
from  the  latter  as  compared  with  a  plate,  cooled  in  air.  This 
corresponds  to  the  data  obtained  by  A.  A.  Kazimirov  and 
A.  Ya.  Nedoseka  [63,  64]  for  the  case  of  the  welding  cf  aluminum 
on  steel  backing.  Actually,  a  comparison  of  the  values  and  Q 
for  the  aluminum  and  the  bimetal  shows,  inat  if  for  welding  of 
AMg6  alloy  v;ith  a  thickness  of  1.5  mm  I  =  105-1115  A,  then  in  the 
forming  of  a  bead  on  a  bimetal,  having  a  clad  layer  of  1.5  mm 
150-160  A  are  required,  i.e.,  1.3-1.**  times  greater  current 
magnitudes . 

For  checking  the  convergence  of  the  results  obtained  during 
calorimetric  measurement,  calorimetric  measurement  of  samples  of 
the  following  experimental  bimetals  was  carried  out:  St.  3  steel- 
AMg5V  alloy,  lKhldN9T  steel-AMg6  alloy  and  28Kh3SNMFVA  steel- 
AMg6  alloy.  The  ootained  values  fell  within  the  range,  indicated 
on  the  graph  (Fig.  38). 
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Fig.  38.  Average  value 
of  the  efficiency  n6k)|V] 

cf  the  heating  of  a 
manufactured  article  by 
an  arc:  O  -  bea^. 
forming  on  the  aluminum 
cladding;  •  -  bead 
forming  on  the  steel 
base . 
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2.  Calculating  the  Thermal  Cycle 
of  Argon-Arc  Welding  of  an 
Aluminum-Steel  Bimetal 

A  bimetallic  sheet  is  a  composition  of  two  metals,  "ideally" 
adjoining  each  other,  which  is  brought  about  by  the  technological 
process  of  rolling,  in  which  an  80%  reduction  of  area  of  the 
aluminum  alloy  occurs.  The  considerable  increase  in  the  contact 
surface  during  reduction  of  area  contributes  to  the  disintegration 
of  the  oxide  film.  In  this  case,  there  is  no  impairment  of  contact, 
no  gaps,  etc.,  thus,  from  the  point  of  view  of  the  study  of  heat 
transfer  there  is  no  necessity  to  take  the  low  thermal  conductivity 
of  the  oxide  film  (3.3*!  W/(rrrdeg))  on  the  aluminum  alloy  [63] 
into  account.  However,  in  the  heating  of  the  interface  between  the 
aluminum  and  the  steel  above  520-535°C  an  Intermetallic  layer  can  be 
formed,  the  presence  of  which  changes  the  nature  of  heat  propagation 
In  the  bimetallic  model,  since  the  thermophysical  pr  ^erties  of 
the  intermetallic  phases,  of  steels  and  aluminum,  are  different. 

The  data  on  the  effect  of  an  interlayer  of  Intermetallic  phases 
on  heat  propagation  are  contradictory.  Work  [182]  Indicates,  that 
in  producing  bimetallic  castings  by  the  al-fin  process  there  is  a 
continuous  metallic  transition  between  ti.e  aluminum  and  its  alloys, 
on  the  one  hand,  and  the  steel,  on  the  other  hand,  which  ensures 
a  strong  joint  and  good  thermal  conductivity  of  the  transition 
layer. 

Throttling  of  the  heat  flow  is  not  observed  at  the  site  where 
the  two  metals  come  Into  contact  due  to  the  presence  of  the  metallic 
transition  layer  [198]. 

As  will  be  shown  below,  during  optimum  welding  regimes  the 
thickness  of  the  intermetallic  layer  does  not  exceed  1-?  pn,  which 
practically  does  not  introduce  any  variations  into  the  nature  of 
heat  propagate  on.  Thus ,  we  did  not  take  the  discontinuity  in  the 
thermal  conductivity  curve  Into  account  in  the  subsequent  calculations. 
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The  generally  accepted  arrangements  of  the  theory  of  concentrated 
sources  can  be  employed  for  calculating  the  thermal  processes  of 
argon-arc  welding  of  a  steel/aluminum  joint  [128,  129].  However, 
in  this  case  it  is  necessary  to  take  into  account  the  peculariti es 
of  the  removal  of  heat  from  the  welding  site  by  the  stee.l  base  of 
the  bimetal  [69,  173]. 

We  took  the  equation  of  the  limiting  state  as  the  basic 
calculational  formula  in  welding  with  a  concentrated  linear  heat 
source,  travelling  at  a  constant  rate  in  an  unlimited  plate  with 
heat  transfer: 

T(x>r)  =2^3exp(—  2o)*°(r  \  f  (3°) 

In  analyzing  this  equation,  it  is  necessary  to  conclude,  that 
to  employ  it,  it  is  necessary  to  know  the  magnitude  of  heat  input 
by  the  arc,  determining  the  quantity  of  heat,  introduced  into  the 
bimetallic  plate  during  welding: 


<7=0,24  Iu, 

where  I  -  current,  A;  u  -  voltage,  V. 

The  remaining  designations  in  the  formula  (30):  <$  -  the 

thickness  of  the  sheets  being  welded,  cm:  X  -  the  coefficient  of 
thermal  conductivity  of  the  aluminum  alloy,  which  is  the  clad  layer 
in  the  bimetal,  W/(m’deg).  Satisfactory  convergence  in  the 
calculations  was  obtained  by  substituting  in  the  formula  not  the 
total  values  of  X,  i.?.,  the  values  for  tne  bimetal,  but  only  the 
values  for  the  aluminum  alloy;  v  -  the  mean  velocity  of  motion  of 

r~2  2 

the  arc,  cm/s ;  r  =  /x  +  y  ,  cm  (x,  y  -  the  moving  coordinates  of 
the  point  in  question,  the  center  of  which  we  will  consider  an 

2 

arc  with  radius  r) ;  a  -  the  coefficient  of  thermal  diffusivity,  cm"/s 
for  the  aluminum  alloy,  which  is  the  clad  layer  in  the  bimetal, 

>. 

a  - 

n 
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where  c  -  the  specific  heat  of  the  aluminum  alloy,  J/(kg-deg). 

The  values  of  the  thermophysical  properties  of  the  metals  A  and  c, 
which  we  applied  in  the  calculations,  are  cited  on  the  graphs  of 
Figs.  3  and  4  for  the  temperature  range  300-400°C;  b  =  -  the 

coefficient  of  heat  transfer  for  a  homogeneous  plate,  1/s  (a  -  ..he 
coefficient  of  total  surface  heat  transfer:  for  aluminum 
oi  =  0.000715;  for  steel  a  =  0.00709). 

As  A.  A.  Kazimirov  and  A.  Ya.  Nedcseka  [64]  demonstrated, 
on  the  basis  of  the  processing  of  experimental  data,  the  value  of 
the  coefficient  of  heat  transfer  of  aluminum  with  a  thickness  of 
2  mm  on  a  steel  plate  trasferring  heat  is  0.0280  1/s. 

Figure  39  presents  the  thermal  cycles  of  three  points  of  the 
St.  3  steel-AMg3  alloy  bimetal,  obtained  by  calculation. 


Fig.  39*  Experimental  (solid  curves)  and 
calculationai  (broken  curves)  thermal 
cycles  of  a  steel/aluminum  joint. 


3.  Experimental  Determination  of  Heat 
Propagation  in  Bimetallic  Metals 
During  Welding 


To  obtain  the  initial  calculationai  data,  and  also  to  compare 
the  experimental  thermal  cycles  with  the  calculationai  cycle 
composite  samples  (bimetallic  models)  were  manufactured;  St.  3-AMg3; 
St.  3-AMg6;  lKhl8N9T  steel-AMg6;  28Kh3SNMVFA  steel-AMg3  alloy; 
28Kh3SNMVFA  steel-AMg6  alloy.  The  effect  of  various  parameters  of 
the  welding  regime  was  studied  on  these  models. 
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The  thermal  cycles  were  recorded  on  a  N-700  loop  oscillograph 
with  the  paper  moving  at  a  rate  of  approximately  0.25  cm/s,  and 
measured  with  copper-constantan  thermocouples  with  a  diametei  of 
0.4  +  0.4  mm.  These  cycles  were  determined  for  points,  lying  on 
the  transition  line  from  the  steel  to  the  aluminum  clad  layer,  and 
for  points,  situated  on  the  surface  of  the  para-seam  zone.  During 
the  time  the  oscillograms  were  being  made  the  sample  was  situated 
on  angle  brackets. 


C3  ffl  ISO  T ,  s 


Pig.  40.  Thermal  cycles  of  three  points 
of  a  bimetal  with  a  thickness  of  3.8  mm. 


Figure  40  presents  the  thermal  cycles  of  three  points  of  a 
bimetal  with  a  thickness  of  3-8  mm  with  a  clad  layer  of  aluminum 
alloy  with  a  thickness  of  0.8  mm  and  with  a  base  of  armco  iron. 

The  welding  regimes  are  I  =  105-110  A;  j  =  12  V;  v  =6.5  m/h. 

C  Q  ,£}  C  0 

As  follows  from  the  figure  point  1  situated  on  the  line  of 
transition  of  the  bimetallic  model  (t  =  775°C).  The  points 

situated  at  a  distance  of  10  and  20  mm  from  the  axis  are  subjected 


With  an  almost  twofold  increase  in  heat  input  (from  1090  cal/cm 
to  1983  cal/cm)  due  to  an  increase  in  current  the  aluminum  clad 
layer  is  completely  fused. 

A  comparison  of  the  thermal  cycles  of  the  transition  zone  of 
armco  iron-AMg3  alloy  bimetal  during  the  welding  at  various  heat 
inputs  shows,  that  the  most  sign1 * 3 4 fi variation  in  temperatures 
is  observed  at  points  1  and  2. 

The  degree  of  similarity  of  the  curves  on  the  cooling  branch 
increases  in  proportion  to  the  distance  from  the  seam  axis.  Here 
in  the  case  of  welding  at  low  values  of  heat  input  the  cooling  of 
point  1  takes  place  more  intensely:  the  effect  of  the  armco  iron 
backing  is  expressed.  In  the  case  of  complete  fusion  penetration 
(the  broken  lines)  the  bimetallic  sample  cools  more  slowly.  The 
noted  pecularity  has  significance  in  determining  the  parameters  of 
the  welding  regime  of  a  bimetallic  joint:  experiments  have  shown 
the  possibility  of  narrowing  the  zone  of  high  heating  temperatures 
and  consequently,  of  the  possibility  of  decreasing  the  time  that 
the  interface  between  the  steel  and  the  aluminum  remains  in  the 
region,  where  the  temperature  is  higher  than  the  formation 
temperature  of  the  intermetallic  layer. 

In  view  of  the  fact,  that  in  measuring  thermal  cycles  of 
bimetallic  models  with  a  thin  clad  layer  thickness  no  sharp  difference 
was  observed  in  the  thermal  cycles ;  models  were  manufactured  with 
3  thickness  of  10-12  mm,  in  which  the  thickness  of  the  cladding  was 
half  the  thickness  of  the  bimetal.  In  this  case  it  was  established, 
that : 

1)  an  increase  in  the  thickness  of  the  steel  base  increases 
heat  transfer,  as  a  consequence  of  which  the  maximum  temperatures 

at  all  points  are  reduced;  2)  the  drop  in  maximum  temperatures  is 
proportional  to  the  increase  in  the  thickness  of  the  steel  base; 

3)  for  all  points  the  curves  of  a  thermal  cycle  are  similar;  4)  with 

an  increase  in  the  thickness  of  the  steel  base  the  time  for  the 
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attainment  of  the  maximum  temperatures  is  Increased,  i.e.,  the 
maxima  on  the  thermal  cycle  curves  are  displaced  in  the  direction 
of  lower  temperatures,  which  is  attained  as  a  result  of  a  decrease 
in  the  time  that  the  interface  between  the  steel  and  the  aluminum 
remains  in  the  region  of  dangerous  temperatures,  for  example,  by 
supplemental  cooling  of  the  al*..  ■'num  clad  layer  of  the  bimetallic 
metal. 

For  comparing  the  nature  of  the  variation  in  welding  thermal 
cycles  employing  a  bimetal  experiments  were  carried  out  on  samples 
with  dimensions  of  150  x  200  mm  with  a  total  thickness  of  6-10  mm. 
Seams  were  imposed  with  a  ADSV-2  automatic  welding  machine;  a  welding 
rod  was  not  employed.  The  thermocouples  were  tentatively  positioned 
at  an  angle  of  45°  to  the  seam  being  imposel  to  avoid  distortion 
of  the  thermal  field. 

The  maximum  temperature  values  are  attained  during  the  welding 
of  the  aluminum  clad  layer;  the  steel  base  seemingly  plays  the  role 
of  a  heat-insulating  backing.  In  the  welding  of  the  steel  base  of 
the  bimetal  the  degree  of  cooling  is  greater  (the  values  of  maximum 
temperatures  at  the  same  points  are  lower) ,  but  the  rate  of  neat 
propagation  in  this  case  is  also  greater:  the  maximum  values  of 
temperatures  at  the  same  points  are  obtained  2-4  s  earlier.  This 
can  possibly  be  explained  by  the  facts,  that  during  the  welding  of 
the  .ceel  base  of  the  bimetallic  model  the  aluminum  clad  layer, 
playing  the  role  of  the  backing,  due  to  its  high  thermal  conductivity 
and  limited  cross  section  promotes  more  rapid  heat  propagation  along 
the  tacking.  Thus,  the  temperature  gradient  between  the  steel  and 
the  aluminum  and  the  intensity  of  heat  transfer  to  the  backing  are 
reduced  (at  slow  welding  rates). 

Figure  39,  besides  the  curves  of  the  calculated  thermal  cycles, 
also  presents  the  curves  of  experimental  thermal  cycles.  The 
calculated  temperatures  are  higher  than  the  temperatures  of  the 
experimental  thermal  cycles  for  like  pc-’ntf  of  the  curves  of  a 
welded  joint  and  for  the  same  time  of  reading.  Certain  characteristic 
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regularities  are  observed  in  the  variation  in  the  differences 
between  the  calculated  and  the  experimental  values  of  temperatures. 

On  the  section  of  the  curve,  corresponding  to  heating,  the 
calculated  and  experimental  curves,  as  a  rule,  coincide,  in  the 
temperature  range  above  200-250°C  the  nature  of  the  calculated 
thermal  cycles  is  similar  to  the  nature  of  the  experimental  cycles 
and  only  in  the  cooling  stage  below  200°C  is  a  significant 
divergence  observed  in  the  nature  of  the  curves. 

A  correction  coefficient,  which  takes  into  account  the  effect 
of  the  steel  base  of  the  bimetal  on  the  heat  propagation  process 
in  a  bimetallic  plate,  was  determined  by  dividing  the  values  of 
the  temperatures  of  the  thermal  cycle  curves,  obtained  by 
calculation,  by  the  values  of  the  temperatures  of  like  points  of 
the  curves,  obtained  experimentally.  The  results  of  a  comparison 
of  the  calculated  and  experimental  values  of  the  temperatures  of 
points  lying  on  the  transition  line  of  the  bimetal,  showed,  that 
the  magnitude  cf  the  correction  coefficient  on  the  average  was 
equal  to  0.8. 

The  necessity  for  employing  correction  coefficients  complicates 
the  procedure  of  obtaining  values  of  the  necessary  temperatures 
by  calculation.  In  this  case,  it  is  difficult  to  obtain  coefficients, 
which  are  suitable  for  various  combinations  of  welded  thicknesses 
and  types  of  metal  Joints. 

.  Employing  the  Modeling  Method 
for  Investigating  the  Thermal 
‘Melds  of  a  oteei/Aluminum 
Joint 

As  was  indicated  in  the  preceding  sections,  determination  of 
the  nature  of  heat  propagation  at  various  points  of  a  steel/ 
aluminum  Joint  is  complicated,  theoretically,  as  well  as 
experimentally.  In  practice,  the  determination  of  the  time  that 
a  point  remains,  lying  on  a  transition  line  above  the  temperature 
of  the  formation  of  the  intermetallic  phase,  for  numerous  existing 
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bimetallic  compositions  of  steel  with  aluminum,  is  impracticable, 
since  it  depends  on  the  composition  of  the  metals  going  into  the 
bimetal,  the  relationship  of  the  thicknesses  of  the  thermophysical 
properties  of  the  components  [sic]  and  other  factors.  In  connection 
with  this,  it  was  necessary  to  attempt  to  find  general  dependences, 
vhich  would  establish  a  connection  between  the  cited  parameters. 

For  this  purpose,  to  investigate  an  unsteady  thermal  field  the 
method  of  mathematical  modeling  or  the  method  of  analogies  , 
developed  at  tne  Laboratory  of  Electrical  Modeling  of  the  Institute 
of  Mathematics  of  the  AS  UkSSR  [166,  1 67 ]»  was  employed. 


To  determine  optimum  welding  conditions  it  is  necessary,  first 
of  all,  to  determine  the  unsteady  temperature  field  within  the 
two-layer  plate,  having  a  certain  initial  temperature  tQ  end  the 
temperature  at  the  boundary  of  the  weld  pool  t  .  The  solution  of 
this  problem  makes  it  necessary  to  solve  a  boundary  value  problem 
for  the  equation  of  thermal  conductivity 


£ 

dx 


O 


) 


where  t(x,  y,  t)  -  temperature,  °C;  X(x,  y)  -  thermal  conductivity, 
W/(nvdeg);  cp(x,  y)  -  specific  volumetric  heat,  J/(mJ'deg);  x,  y  - 
current  coordinates,  cm. 

It  has  not  as  yet  been  possible  to  develop  sufficiently 
effective  analytical  methods  for  solving  equation  (31),  with  the 
exception  of  the  simplest  particular  cases.  For  solving  this 
equation,  was  indicated,  the  analogy  method  was  employed.  The 
essence  of  electrothermal  analogy  consists  in  replacing  the 
temperature  field,  which  is  subject  to  study,  by  an  electrical 
potential  field.  The  equations,  defining  both  fields  in  dimension¬ 
less  representation,  are  identical,  the  dimensionless  boundary 
cjnditlons  are  also  identical,  if  the  field  of  the  unknown  magnitude 
at  the  boundaries  of  the  system  is  directly  defined  by  them,  i.e., 
if  the  thermal  problem  is  posed  under  boundary  conditions  of  the 
first  or  second  type  [^91* 
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In  the  course  of  the  work  we  employed  the  method  of  modeling 
of  equation  (31)  on  electrical  conducting  paper  with  distributed 
capacitance  [166], 


The  potential  distribution  equation  in  the  electrical  model, 
made  from  the  paper,  has  the  following  form 


d_ 

dx 


a 

••y 


dy 


c  (x.  y) 


<?<p 

J-' 


(32) 


where  <p(x,  y,  r)  -  potential,  rel.  units;  p{x,  y)  -  average 

specific  conduct! /ity,  1/ft;  c(x,  y)  -  average  specific  capacitance, 

p 

F/cm  . 


From  the  joint  solution  of  the  full-scale  equation  (31)  and 
the  model  equation  (32)  we  obtain  the  similarity  number  for  the 
corresponding  zones  : 


c_A 


(33) 


where  c^  -  the  specific  capacity  of  the  model;  -  unit  length  of 

the  models;  p  =  5 -  the  conductivity  of  the  electrical  conducting 

M  rm 

paper  (R^  -  resistance  of  the  square  of  the  electrical  conducting 
paper);  t  -  unit  time  during  modeling;  A  -  coefficient  of  thermal 

n  H 

conductivity  of  the  corresponding  full-scale  zone;  c  =  c  - 

h  y 

volumetric  specific  heat  of  the  corresponding  full-scale  zone; 
l  -  unit  length  of  the  modeling  object  (full-scale);  x  -  real 
unit  time  of  the  modeling  process. 


Parameters  A  ,  c  ,  l  are  given.  Parameters  R  ,  c  ,  l  are 
defined  by  the  model.  The  ratio  of  the  corresponding  time  In 
expression  (33)  is  characterized  by  dimensionless  values :  by  the 
length  scale  a^,  by  the  time  scale  ,  by  the  capacity  scale 
and  by  the  resistance  scale  a^: 


* 


t 


(34) 
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(35) 


!• 

t '• 


Cjj 


(36) 

(37) 


The  selection  of  these 
by  the  following  condition 


similarity  factors  is  restricted  only 


Vr*l  = 


(38) 


and,  consequently,  it  is  possible  within  broad  limits  to  select 
convenient  parameters  of  the  model. 


Proceeding  from  the  formulated  problem  the  model  length  scale 
and  the  scale  of  the  type  of  electrical  conducting  paper  are 
selected  for  its  manufacture  so  that  the  ratios  of  the  average 
specific  resistances  of  the  model  zones  are  equal  to  the  given 
ratios  of  the  corresponding  full-scale  coefficients. 

A  square  of  necessary  dimensions  is  cut  from  electrical 
conducting  paper  to  determine  R^.  Then  the  resistance  of  the 
square  with  respect  to  the  two  mutually  perpendicular  directions 
is  measured.  The  arithmetical  mean  of  these  measurements  is  found, 
which  is  also  taken  as  the  specific  resistance  of  the  corresponding 
zone  of  the  model.  As  a  dielectric  for  the  manufacture  of  the  models 
polyethylene  or  other  nonpolar  films  with  a  thickness  of  0.005-0.2  mm 
are  employed.  In  the  manufacture  of  a  model  the  ratio  between  the 
average  specific  capacities  should  be  equal  to  the  given  ratios  of 
the  corresponding  coefficients  of  full-scale  capacities. 

For  modeling  two-dimensional  unsteady  fields,  described  by  the 
equation  of  thermal  conductivity ,  a  special  integrator  has  been 
developed  based  on  the  electrical  conducting  paper  with  distributed 
capacitance  [167].  It  consists  of  a  rack  of  power  supply  and 
measuring  devices  and  a  stand  for  the  eleetrica1  model  (Fig.  4l). 
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For  realizing  boundary  conditions 
of  the  first  type  qp  =  const  a  wire  with 
a  diameter  of  0. 1-0.2  mm  is  attached  to 
the  model  with  a  given  contour  of  the 
weld  pool  with  an  electrical  conducting 
glue  and  the  required  potential  is 
supplied  to  it. 


In  modeling  based  on  an  integrator 
dimensionless,  or,  as  they  are  frequently 
called,  reduced  magnitudes  are  employed. 
The  reduced  unit  of  potential  is 
considered  to  be  the  difference  of  the 
potentials  at  the  output  of  the  integrator  power  supply  (the 
minimum  value  of  voltage  is  taken  to  be  equal  to  zero,  and  the 
maximum  -  to  unity).  All  measurements  are  carried  out  in  fractions 
or  in  percents  of  the  maximum  operating  voltage. 


grator  in  the  measuring 
regime:  1  -  rectifier; 

2  -  voltage  divider; 

3  -  comparison  element. 


Between  electrical  potential  <p  and  temperature  t  which 
corresponds  to  it  the  following  dependence  exists: 


•  lira*  frtil* 


(39) 


where  t  ,  and  t  -  respectively,  the  minimum  and  maximum  values 
min  max  r 

of  the  temperature  of  the  process  being  modeled,  °C. 


The  temperature  of  the  bimetallic  plate  at  an  initial  moment 
of  time  was  20°C.  The  following  boundarv  conditions  were  accepted: 
on  the  boundary  of  the  weld  pool  the  temperature  is  instantaneously 
increased  to  660°C,  if  the  aluminum  is  fused,  or  to  1539°C,  if  the 
steel  is  fused  (boundary  conditions  of  the  first  type).  The 
contour  or  the  weld  pool  was  predetermined  on  real  bimetals, 
especially  manufactured  for  this  purpose. 


105 


In  accordance  with  formula  (39),  employing  the  given  boundary 

values  t  at  full-scale,  all  of  the  necessary  boundary  values  of  the 

reduced  potentials  are  computed,  and  then  the  electrical  model  is 

structured  in  accordance  with  these  values.  Taking  into  account, 

that  the  ratio  of  the  specific  resistances  of  the  model  zones 

should  be  equal  to  the  ratio  of  the  specific  resistances  of  the 

full-scale  zones,  it  was  assumed,  for  example,  for  the  zone 

simulating  the  AMg6  alloy,  the  resistance  of  the  paper  was  80  icQ/cm  , 

and  for  the  zone  simulating  St.  3,  the  resistance  of  the  paper  was 
2 

150  kfi/cm  .  They  were  cut  from  corresponding  sheets  of  paper  at  a 
scale  (for  our  problem  the  scale  is  equal  to  1/15)  of  the  zone  and 
they  were  attached  by  electrical  conducting  glue.  On  the  boundary 
of  the  weld  pool  a  conducting  bus  was  attached,  to  which  a 
potential  of  9  =  1  was  supplied. 

Since  the  ratio  of  specific  capacities  of  the  model  zones 
should  be  equal  to  the  ratio  of  the  specific  capacities  of  the 
full-scale  zones,  for  the  zone,  simulating  the  AMg6  alloy  a 
specific  capacity  of  c  =  6. 5' 10  F/cm  (two  layers  of  polyethylene 
film  of  appropriate  thickness),  and  for  the  zone,  simulating  the 
St.  3,  -  c  =  13 ‘lO-1^  F/cm2  (one  layer  of  the  same  film). 

Potential  9  =  0  was  supplied  to  the  conducting  plate.  After 
measuring  the  values  of  potential  9  on  the  model  at  the  points 
which  were  of  interest  to  us,  the  unknown  value  of  temperature  t 
was  computed  by  formula  (39)  at  these  same  full-scale  points  at 
moments  of  time  which  were  of  interest  to  us  (the  time  scale  was 
ctt  =  12.9-1C3). 

An  unsteady  temperature  field  for  various  bimetallic  plates 
was  set  up  in  50  variants,  in  which  both  the  ratio  of  the  thicknesses 
of  the  plates  of  bimetal  were  taken  into  account,  as  well  as  for 
thermophysical  properties. 
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Fig.  42.  The  nature  of  isotherm  motion 
when  t  =  520°C  with  time. 

Figure  42  shows  one  of  the  variants  of  the  motion  of  critical 
isotherm  520°C  for  the  lKhl8N9T  steel-AMg6  alloy  bimetal  at  a  layer 
ratio  of  1:1. 

Calculation  of  the  time  of  attainment  of  critical  temperature 
t  for  a  large  number  of  different  bimetals  (ADl-lKhl8N9T , 

AMg6- lKhl 8N 9T ,  ADl-St .  3,  AMgS-St .  3,  etc.)  made  it  possible  to 
construct  the  nomograms,  presented  in  Fig.  43.  The  time  of 
attainment  of  critical  temperature  at  a  point,  located  under  the 
weld  pool  at  the  line  of  transition  from  one  metal  to  another,  was 
determined  depending  on  the  ratio  of  thermal  conductivities 
( X ^/A ^ )  of  the  component  metals,  the  ratio  of  the  thicknesses 
( 6 2 ) »  whi-'h  were  varied  sequentially  from  3/1  to  l/3>  and  the 
ratio  of  the  specific  heat  of  a  unit  volume  (c^y./c^y^)  (the  metal, 
on  which  the  heating  was  carried  out,  is  indicated  in  the  numerator). 

The  estimation  of  the  stay  time  of  the  transition  line  of  a 
steel/aluminum  joint  in  the  region  above  critical  temperature  with 
respect  to  the  data  of  the  draft  for  various  actual  combinations 
''f  aluminum  alloys  with  steels  and  a  comparison  of  this  time  with 
the  magnitude  of  the  latent  period,  obtained  experimentally  by  the 
method  described  in  the  preceding  chapter  (formula  (26))  is 
illustrated  by  the  data  presented  in  Table  10. 
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mm 


o.t  4<  0,60 
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t  <  f  e  *t 


Pig.  ^3.  Nomograms  for  calculating 
the  stay  time  the  joint  transition 
line  above  the  critical  temperature. 


Table  10.  Data,  obtained  in  determining  t 


1 

h. 

Tn 

ness 

at  a  thick- 

i  ratio  of 

c 

3/1 

1/1 

1/3 

c 

0.57 

0,12 

4,75 

3.2 

2.0 

0,8 

3-4 

0,5 -0,7 

0,38 

0,12 

3,16 

6,5 

2.6 

0,85 

3-4 

0,6-0,  S4 

0.32 

C,  1 2 

2,65 

9,0 

3 

0,9 

3-4 

0,78-1,0 

0," 

0,06 

9.5 

1,3 

0.7 

0.4 

1,5-2 

0,35-  0,46 

0,38 

0,06 

6,3 

2.0 

0,8 

0,6 

1,5-2 

0,4-0,53 

0,32 

0,06 

5,3 

2,9 

1.5 

0,65 

1,5-2 

0,7-0,75 

Average 

values 

In 

c 

for  a  combina¬ 
tion  of  medals 


For  a  combina¬ 
tion  with 
St.  3 

|  0.7-0. 9 


Thus,  the  temperature-time  factor  is  important  for  estimating 
the  possibility  of  obtaining  a  combined  [composite]  joint.  However 
based  only  on  this  factor,  it  is  not  possible  to  completely 
eliminate  the  formation  of  brittle  phases.  As  will  be  shown  below, 
the  alloying  of  the  weld  pool  has  a  slgnif.'cant  effect. 
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5.  Investigating  the  Direct  Welding 
of  Aluminum  with  Steel 


The  data  obtained  in  the  preceding  sections  made  it  possible 
to  establish,  that  the  ratio  of  stay  duration  in  a  region  of  higher 
temperatures  52Q-535°C  to  the  latent  period  for  a  steel/aluminum 
St.  3-/.D1  aluminum  Joint  is  0.7-Q.9j  and  for  a  lKhl8N9T  steel-ADl 
aluminum  Joint  -  0.6-C.7-  At  such  a  ratio,  in  a  narrow  range  of 
welding  regimes  it  is  possible  to  accomplish  direct  welding  of 
aluminum  with  steel  and  to  obtain  a  Joint  with  limited  strength 
(on  the  level  of  the  strength  of  pure  aluminum).  Actually,  from 
the  practice  of  the  welding  of  aluminum  and  its  alloys,  it  is  known, 
that  when  carbon  or  stainless  steel  are  erraloyed  as  removable 
backingsj  cases  of  the  strong  welding  of  aluminum  edges  to  steel 
backing  occur.  The  checking  of  this  phenomenon  during  the  argon-arc 
welding  of  aluminum/steel  lap  Joints  showed,  that  an  extremely 
narrow  range  of  values  of  the  magnitude  of  welding  current  exist , 
during  the  employment  of  which  the  obtaining  of  a  Joint  with  the 
strength,  equal  to  the  strength  of  pure  aluminum  (Pig.  4 4)  is 
possible.  In  this  case,  the  plasticity  of  the  welded  Joints  is 
low  as  a  consequence  of  the  great  fusion  of  the  metals  being  Joined, 
as  a  result  of  which  the  content  of  the  elements  in  the  seam  exceeds 
their  mutual  soluability  and  brittle  intermetallic  Joints  of  iron 
with  aluminum  form  in  the  seam  metal. 


Pig.  44.  The  dependence 
of  the  strength  of  a  lap 
joint  on  the  magnitude 
of  welding  current. 
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The  results  of  the  determinations  are  very  unstable,  and 
welding  under  the  indicated  conditions  cannot  be  recommended  as 
one  of  the  technological  procedures  for  obtaining  a  steel/aluminum 
joint. 

Argon-arc  welding  of  aluminum  with  steel  on  a  ADSP-2  automatic 
welding  machine  was  carried  out  employing  a  ADI  welding  rod  and  a 
sv.  10GS  steel  wire.  The  welding  regimes  of  ADI  brand  aluminum 
with  St.  3  steel  with  aluminum  wire  are  the  following:  u^x  =  28  V; 
arc  voltage  ufl  =  25-28  V;  Ich  =  290-310  A;  electrode  diameter  is  2  mm 
electrode  wire  feed  rate  is  v  =  400  m/h;  the  welding  rate  is 
v  =  30  m/h.  The  regimes  for  welding  aluminum  with  steel  employing 

C  G 

a  steel  wire  are:  u  -  28  V;  u  =  26-28  V;  I  =  120-180  A: 

XX  A  CB 

d  =1  mm:  v  =  230  m/h;  v  =24  m/h. 

To  reduce  the  quantity  of  fused  iron  going  into  a  seamj bevelling 
of  the  steel  samples  was  carried  out  at  an  angle  of  30° ,  and  the 
bluntness  was  2  mm  (Pig.  45a),  or  with  respect  to  the  pool  profile 
(Pig.  45b),  aluminum  samples  were  employed  without  bevelling. 


Fig.  4.1.  Diagram  (a)  and  type 
of  bevelling  (b)  in  the  direct 
welding  of  aluminum  with  steel. 

Automatic  welding  with  flux  was  carried  out  on  a  A  =  862 
device  especially  designed  for  this  purpose.  The  welding  regimes 
were:  I  =  400  A,  v  =  21.5  m/h;  v  =  290  m/h,  u  =  40  V. 

Wire  of  brands  ADI  and  AK,  and  flux  AN-A1  were  employed.  In 
beading  ADI  wire  based  on  St.  3  steel  with  AN-A1  flux  it  is  possible 
to  obtain  a  seam  of  good  form,  but  with  transverse  cracks.  On  an 


unpickled  microsection  the  fusion  zone  has  a  characteristic  brownish 
yellowish  hue.  The  hardness  of  the  beaded  metal  exceeds  the  hardnes 
of  the  base  metal  by  2-3  times. 

To  obtain  a  relative  plastic  layer  in  the  seam  elements  are 
introduced  (for  example,  zinc),  which  give  a  low-melting  eutectic 
at  least  with  one  of  the  metals  being  joined.  The  zinc  was 
introduced  into  the  seam  by  several  methods:  via  the  flux  by 
adding  ZnCl2  and  ZnF2,  by  adding  a  specific  quantity  of  zinc  to  the 
composition  of  the  rod  metal,  by  pulling  in  the  fuse  metal  or  by 
obtaining  fusion  of  a  zinc  plate  during  welding.  Seams  were 
obtained  by  the  indicated  methods  either  with  the  presence  of  a 
small  transition  layer  from  the  steel  lo  the  aluminum,  or  joints  - 
without  a  transition  layer  (Fig.  46). 


Fig.  46.  The  nature  of  the  transition 
layer  in  beading  on  St.  3  steel  under  a 
layer  of  zinc  and  AN-A1  flux  with  a  ADI 
wire . 

From  the  hardness  graph  (Fig.  47,  the  broken  line)  it  is 
evident,  that  the  hardness  of  the  beaded  metal  ir.  this  case  is 
lower  than  the  hardness  of  the  base  metal  -  steel.  The  beaded 
metal  possesses  satisfactory  plasticity,  permitting  bending  without 
failure  up  to  90°,  which  makes  it  possible  to  accomplish  subsequent 
welding  of  elements  of  aluminum  alloys  employing,  for  example, 
argon-arc  welding. 


Ill 


Pig.  ^7-  Hardness  distribution 
over  the  cross  section  of  a  seam 
during  beading  based  on  St .  3 
steel  (solid  curve)  with 'ADI 
wire  and  AN-A1  flux  and  with  a 
ADI  wire  under  binary  flux-zinc 
shielding  (broken  curve). 

Besides  t.ie  works  on  beading,  experiments  were  also  carried 

out  on  the  direct  welding  of  aluminum  with  St.  3  steel  and  ADI 

aluminum  (the  thickness  of  the  metals  being  joined  was  10  mm). 

The  character  of  seam  forming  was  satisfactory;  during  tensile 

testing  the  ultimate  strength  was  the  same,  as  the  ultimate  strength 

2 

of  pure  aluminum  (up  to  10  daN/mm  ).  Failure  of  the  joint  occurred 
along  the  transition  zone  or  in  the  base  metal-aluminum. 

Thus,  by  the  given  welding  method  the  obtaining  of  the  ultimate 
strength  of  a  steel/alumlnum  joint  not  lower  than  the  ultimate 
strength  of  pure  aluminum  is  possible,  which  is  attained  as  a  result 
of  welding  technology  and  complex  alloying  of  the  seam  metal  (zinc, 
aluminum  wire,  flux).  However,  this  welding  method  is  extremely 
complex,  applicable  only  for  a  metal  of  specific  thickness  and  a 
limited  number  of  joint  types.  The  possibility  of  obtaining  joints 
without  intermetallic  layers  requires  accurate  observance  of  the 
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positioning  of  the  electrode  and  the  introduction  of  a  sufficient 
quantity  of  zinc,  which  is  extremely  difficult  in  practice. 
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CHAPTER  IV 

THE  FORMATION  OF  INTERMETALLIC 
PHASES  DURING  WELDING  AND  THEIR 
EFFECT  ON  THE  PROPERTIES  OF 
STEEL/ALUMINUM  WELDED  JOINTS 


1.  Kinetics  of  the  Wetting  of 
Iron  with  Aluminum 

Let  us  examine  the  first  stage  of  the  contact  interaction  of 
aluminum  with  steel  -  the  wetting  process.  Consideration  of  this, 
and  also  of  the  data  on  dissolving  makes  it  possible  to  a  certain 
degree  to  regulate  the  formation  of  intermetallic  joints  for  the 
purpose  of  finding  the  optimum  conditions  for  fusion  welding. 

Since  the  published  data  on  the  flow  of  liquid  metals  over 
the  surface  of  solid  metals  are  limited,  and  are  completely 
absent  for  the  iron-aluminum  system,  special  experiments  were 
conducted  [5^]. 

Contact  angles  on  the  interface  of  phases  (9)  were  taken  as 
the  basic  criterion  of  wetting  and  flow.  Contact  angle  was 

determined  by  the  quiescent  drop  method.  The  vacuum  in  the  chamber 
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at  the  maximum  temperature  of  the  experiment  was  1-3*10  mm  Hg. 

In  the  method  which  was  developed  for  investigating  the 
kinetic  dependences  of  9  on  various  factors  the  active  interaction 
of  aluminum  and  iron  was  taken  into  account  at  elevated  temperatures 
and  the  dissociation  pressure  of  the  aluminum  oxides  was  low. 

11^ 


As  follows  from  the  kinetic  dependences  of  the  contact  angle 
(Pig.  ^8),  the  iron-aluminum  system  is  characterized  by  satisfactory 
wetting  and  by  a  high  rate  of  flow.  An  increase  in  temperature 
leads  to  a  decrease  in  wetting  angle. 


Pig.  lJ8.  Time  dependence  of 
the  contact  angle  of  aluminum 
or.  iron  (data  of  N.  D.  Lesni.k, 
and  others) . 


The  computed  energy  of  adhesion  even  for  the  first  moments  of 
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contact  is  rather  great  and  constitutes  0.65-0.7-1.03  MJ/m  at 
temperatures  of  700-800-900°C.  The  molar  energy  of  adhesion  in 
the  temperature  range  700-900°C  is  28.4 7—^4 . 8  kJ/mole. 

When  there  are  low-melting  galvanized  coatings  on  a  steel 
surface  the  wetting  of  the  iron  by  the  aluminum  is  noticeably 
improved.  In  the  case  of  argon-arc  deposition  of  aluminum  on  iron, 
of  all  the  tested  galvanized  coatings  (zinc,  silver,  tin,  nickel, 
copper-zinc,  nickel-zinc,  and  others)  the  zinc  and  the  combined 
(zinc-copper,  zinc-nickel)  coatings  ensure  the  best  technological 
properties.  Alloying  additives  in  an  aluminum  alloy  considerably 
affect  wetting.  This  is  connected  with  the  variation  in  the 
surface  tensio  i  of  aluminum  and  with  the  nonuniform  distribution 
of  additives  in  the  melt  due  to  their  diverse  nature  (surface-active, 
inactive) .  The  effect  of  alloying  additives  on  the  surface 
tension  of  the  melt  depends  on  the  relationship  of  the  atomic 
volumes  of  the  dissolved  element  and  the  solvent:  the  greater  is 
the  atomic  volume  of  the  introduced  element,  the  greater  is  the 
reduction  in  the  surface  tension  of  the  metal-solvent.  It  was 
established  [28],  that  the  surface  tension  of  a  melt  is  sharply 
reduced  upon  the  introduction  of  small  additions  of  surface-active 
elements.  Improvement  of  aluminum  flow  over  the  steel  is  attained 
upon  the  addition  to  the  melt  of  strong  reducing  agents  (Mg,  Na, 

K,  and  others),  since  they  reduce  the  oxide  film. 
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To  determine  the  flowability  Japanese  investigators  [169] 
investigated  alloy  samples  with  the  following  additives:  Ag,  Be, 
Bi,  Ca,  Cd,  Co,  Cr,  Cu,  In,  K,  Li,  Mg,  Mn,  Mo,  Na,  Ni,  Pb,  Sb , 

Se ,  Si,  Sn,  Te,  Ti,  T1 ,  and  Zr.  The  specimens  had  the  following 
dimensions:  a  diameter  of  3  mm,  a  height  of  5  mm;  they  were 
mounted  on  iron  backings  and  were  placed  in  an  electric  furnace  at 
a  temperature  of  680°C,  where  they  were  held  for  2  min.  In  all 
cases  KF-54  flux  was  employed.  It  was  established,  that  bismuth 
most  effectively  increases  the  flowability  of  aluminum  alloys. 

The  investigations  show  that  the  effect  of  alloying  components 
on  the  flow  of  liquid  aluminum  1  intimately  connected  with  their 
effect  on  surface  tension.  In  this  case,  the  additives,  which 
raise  the  surface  tension  or  do  not  affect  it,  worsen  the  wetting 
of  steel  by  the  aluminum.  Those  additives,  which  reduce  the 
surface  tension  of  a  melt  improve  its  flowability.  For  example, 
the  addition  to  aluminum  of  silicon,  manganese,  copper,  zinc 
practically  do  not  have  any  effect  on  the  flowability  of  aluminum 
ever  steel,  since  these  additives  have  little  effect  on  its  surface 
tension.  Whereas,  the  introduction  of  magnesium,  lead,  bismuth, 
cadmium  to  aluminum  to  a  significant  extent  decrease  a 
(Fig.  49a)  and  Improves  flowability  (Fig.  49b)  [28]. 


Fig.  49.  The  effect  of  various  additives  on  the 
surface  tension  of  aluminum  a)  and  its  flow  over 
steel  b).  S  -  flow  area;  n  -  additive  content. 
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The  flowability  of  a  melt  depends  not  only  on  the  wetting  and 
the  surface  tension  at  the  liquid-gas  interface,  but  also  on  other 
factors  -  the  viscosity  and  the  fluidity  of  the  melt,  the  presence 
on  the  melt  surface  of  oxide  films,  oil  spots,  oxides,  roughness, 
and  others . 

The  Effect  of  the  Chemical 
Composition  of  an  Additive 
Material  on  the  Properties  of  a 
Layer 


As  was  noted,  the  interaction  of  aluminum  with  steel  leads 
under  specific  conditions  (temperature  and  time)  to  the  formation 
of  intermetallic  phases  along  the  contact  line. 

At  the  present  time  several  practical  methods  of  calculating 
the  entropy  of  intermetallic  joints  are  known:  simple  addition 
of  the  entropy  of  the  solid  components,  calculation  by  the  methods 
of  M.  Karapet 'yants  and  Viner  and  by  the  formula  of  Eastman  and 
Hertz  [2,  32,  65,  66].  The  most  accurate  is  the  method  of 
calculating  by  Eastman’s;  the  remaining  methods  are  either 
inaccurate  (the  sum  of  the  entropies  of  the  components,  calculation 
by  Hertz'  formula)  or  require  knowledge  of  the  values  of  certain 
coefficients,  the  determination  of  which  for  iron/aluminum  compounds 
is  not  possible  (calculation  by  the  methods  of  Karapet 'yants  and 
Viner) . 

Eastman's  formula,  which  defines  the  variation  in  the  entropy 
of  a  reaction,  has  the  form 

3  3 

S»s  =-/?]nAfp A'ln^p  —R\xiTn+a\dxc;?pad-2'Ur,i\,  (iio) 

2  2 

where  A  -  the  average  atomic  weight,  i.e.,  molecular  weight, 
cp 

relative  to  the  number  of  atoms  in  a  molecule  of  the  compound; 

V  -  average  atomic  volume,  i.e.,  average  atomic  weight  of  a 
cp 

compound,  relative  to  its  density;  a  -  constant,  equal  to  12,5  +  2 
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(for  related  substances  the  fluctuation  range  of  value  a  is  less); 
Tn/i  -  absolute  melting  point  of  the  compound. 

The  data,  necessary  for  calculating  entropy  by  Eastman’s 
formula  (Table  11),  were  obtained  from  works  [147,  168]. 


Table  11.  Certain  data  on  the  compounds  of  the  Al-Fe  system. 


Compound 

Molecular 
weight  of 
compound , 
g-mcle 

No.  of 
atoms 
in  the 
mole¬ 
cule 

A 

Acp> 

g-atorr. 

V 

cm  /g-atom 

Melting  point 

Centigrade 

Kelvin 

^eAl_ 

136.76 

4 

34.15 

8.65 

1160 

1433 

F°  A1 

246.55 

7 

34.22 

8.6 

1175 

1446 

FeAl2 

109.79 

3 

36 . 6 

8.4 

1158 

1431 

FeAl 

82.82 

2 

41.41 

7.77 

1103 

1376 

The  calculated  values  of  the  intermetallic  compounds  obtained 
on  the  basis  of  the  data  of  Table  5  are  presented  in  Table  12 
[136]. 


Table  12.  Calculated  values 
of  entropy  S^g  and  of  the 
heat  of  formation  AH^g* 


Compound 

b298’ 

J/g-mole 

~ AH2  9  8 1 
J/mo le 
[32,  77] 

FeAl3 

22.76 

26,800 

FepAlq 

39.69 

46,200 

FeAl2 

17.46 

1,950 

FeAl 

12.12 

12,200 

The  variation  in  the  Gibbs 
free  energy  of  the  reactions  was 
computed  up  to  a  temperature  of 
933CK  (the  melting  point  of 
aluminum)  by  formula 

17'{  =  ±H,0,-T±S%  ,  (ill) 

where  AS^g  -  the  variation  in 
the  entropy  of  the  reaction. 


At  a  temperature  higher 
than  933°K  computation  was  carried  out  in  accordance  with  the 
following  dependence 


70 
•-*  r.i , 


(42) 
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where  AZ^  -  the  variation  in  the  Gibbs  free  energy  of  the 
reaction,  taking  into  account  the  increase  in  chemical  activity 
of  aluminum  in  the  liquid  state. 

In  calculating  the  values  of  AS^g  and  Azj^  the  values  of  the 
entropy  of  iron  and  aluminum  were  taken  to  be  equal  to,  respectively 
27.16  and  28.33  J/g-mole,  and  the  heat  of  fusion  of  aluminum  - 
10.46  J/mole  [77]  (Table  13  and  Pig.  50).  As  follows  from  Pig.  50, 
at  the  initial  moment  of  the  interaction  of  aluminum  with  the  iron 
the  formation  of  phases,  rich  in  the  low-melting  component,  is 
most  probable;  with  an  increase  In  temperature  the  difference  of 
the  magnitudes  of  Gibbs  free  energy  of  the  formed  phases  is 
reduced. 


Table  13.  Results  of  the  thermodynamic 
calculations  for  the  intermetallic  phases 
of  an  iron-aluminum  system  in  calculating 
for  one  atom  of  iron. 


Compound 

Magnitude  of  Gibbs  free  energy, 
J/mole  at  temperature,  °K 

up  to  933 

above  933 

FeAl3 

-26,800+  4.04  T 

-34,300+  12.08  T 

Fe2Al^ 

-23,100  +  3.56  T 

-29,350+  10.27  T 

FeAl  2 

-19,500  +  2.57  T 

-24,500+  7.93  T 

FeAl 

-12,200  +  1.14  T 

-14,700+  3.82  T 

Pig.  50.  The  temperature 
dependence  of  Gibbs  free 
energy  az,  of  intermetallic 
phases  in  FeAl  and  FeSi  systems. 


It  is  known,  that  in  alloys 
cased  on  transition  metals 
alloying  electropositive 
elements,  for  example,  aluminum, 
zinc,  give  up  part  of  their  valence  electrons  to  transition 
element  atoms,  which  can  fill  its  incomplete  3d-subshell  [36,  101 1. 
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In  this  case,  the  atoms  of  the  alloying  element  become  more 
electropositive  with  respect  to  the  atoms  (or  ions)  of  the 
transition  element,  which  leads  to  the  appearance  in  the  alloy  of 
an  ionic  (along  with  a  metallic)  component  of  forces  of  the 
Interatomic  bond.  In  proportion  to  the  increase  in  the  content  of 
alloying  element  in  the  alloy  the  completeness  of  the  3d-subshell 
of  the  transition  element  is  increased,  and  the  fraction  of  the 
ionic  component  of  forces  of  the  bond  simultaneously  Increases, 
i.e.,  the  strength  of  the  chemical  bond  of  heterogeneous  atoms 
in  the  alloy  lattice  and,  consequently,  its  stability.  Thus,  on 
the  basis  of  the  data  on  the  completeness  of  the  3d-subshell  of 
transition  element  atoms  It  is  possible  to  get  an  idea  of  the 
strength  of  the  forces  of  the  bond  in  the  lattice  of  the  inter- 
metallic  compound,  i.e.,  about  its  thermodynamic  stability. 

One  of  the  basic  Indications  of  the  completeness  of  the 
3d-subshell  of  transition  element  atoms  is  the  displacement  of 
the  K  absorption  edge  of  the  element  in  the  shortwave  direction  - 
the  decrease  in  the  index  of  asymmetry  of  certain  spectral  K  lines 
of  this  element,  determined  by  employing  X-ray  spectral  analysis 
[101].  S.  A.  Nemnonov  and  K.  M.  Kolobova  [102]  established, 
that  for  iron-aluminum  and  iron-zinc  alloys  with  an  aluminum  and 
zinc  concentration  of  up  to  75  at.-$the  dependence  of  the  decrease 
in  the  index  of  asymmetry  of  the  K  line  on  the  content  and  the 
valence  of  these  elements  in  the  alloy  is  expressed  by  the 
following  formula: 

*Aim  =  ^ik  >  ( 4  3 ) 

where  a  -  the  index  of  asymmetry  of  the  K  line  of  the  iron 
cn/i  j  j 

in  the  alloy;  a^&  -  the  index  of  asymmetry  of  the  Ka  line  in 

pure  iron,  equal  to  1.52  +  0.02;  n  -  the  valence  of  the  alloying 
element,  equal  for  aluminum  to  3;  c  -  the  concentration  of  alloying 
element;  k  -  the  proportionality  factor,  equal  to  1.51*10  . 
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In  accordance  with  formula  (^3)  with  an  increase  in  the 

content  of  aluminum  in  an  alloy  the  index  of  asymmetry  of  the 

K_  line  of  the  iron  decreases  continuously;  an  alloy  of  the  FeAl0 

-3 

type  has  its  least  magnitude.  The  latter  attests  to  the  fact, 
that  the  stability  of  intermetallic  iron/aluminum  compounds 
actually  increases  in  proportion  to  the  increase  of  the  aluminum 
content  in  them  and  it  is  greatest  for  the  compound  FeAl^.  The 
correctness  of  the  thermodynamic  calculations  which  have  been 
carried  out  is  confirmed  by  this. 

It  is  evident  from  Fig.  50, that  with  an  increase  in  tempera¬ 
ture  only  the  degree  of  chemical  affinity  of  the  iron  and  aluminum 
atoms  varies  (decreases);  the  relative  stability  of  the  inter¬ 
metallic  compounds  remains  the  same.  This  means,  that  with  an 
increase  in  temperature  the  phase  state  of  the  diffusion  layer 
does  not  vary. 

The  thermodynamic  calculations  also  make  it  possible  to 
conclude,  that  the  alloying  of  aluminum,  for  example  with  silicon, 
can  inhioit  and  even  suppress  the  formation  in  the  intermetallic 
layer  of  phases  of  the  FenAlm  type  and  lead  to  the  appearance  of 
iron-silicon  or  ternary  iron-aluminum-silicon  phases  (Fig.  50, 
the  straight  line  is  FeSi).  Thus,  one  of  the  radical  methods  for 
affecting  the  structure  and  the  properties  of  intermetallic  phases, 
and  consequently,  also  the  strength  of  steel/aluminum  welded  joints 
is  the  alloying  of  the  bath  with  various  additives. 

In  selecting  the  additives,  it  was  taken  into  account,  that 
the  more  complex  is  the  composition  and  the  structure  of  the  evolved 
phases  and  the  more  they  differ  from  the  composition  and  the 
structure  of  the  initial  solution,  the  slower,  as  a  rule,  the 
diffusion  processes  occur  [24] .  The  experiments  to  explain  the 
effect  of  additives  of  various  elements  on  the  form  of  the 
evolution  of  the  FenAlm  phase  during  argon-arc  deposition  of 
aluminum  on  sine-galvanized  steel,  preceded  the  selection  of  the 
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additives.  In  the  course  of  these  investigations  the  possibility 
of  varying  the  quantity,  the  form  and  the  nature  of  the  arrangement 
of  the  intermetallic  phases  was  established. 

The  effect  of  additives  of  various  metals  introduced  into 
the  weld  pool  on  their  interaction  mechanism  with  solid  steel 
and  the  structure  of  the  joint  zone  formed  in  this  case  has  been 
little  studied.  The  available  published  data  pertain  to  the 
production  of  bimetallic  aluminum  cast  alloys  -  steels  or  pig-iron 
castings. 

It  was  established  by  the  works  of  P.  Stroup  and  G.  Pardi 
[68],  D.  Gittings,  I.  Mack  and  D.  Rowland  [196],  K.  I.  Vashchenko 
and  others  [30,  31,  228],  that  silicon,  beryllium  and  other  elements 
have  an  effect  on  the  thickness  of  the  transition  layer.  Cast 
aluminum  alloys  were  subjected  to  an  investigation,  and  in  this 
case  various  data  were  obtained  on  the  effect  of  certain  elements, 
for  example  zinc. 

In  a  study  of  the  effect  of  the  composition  of  welding 
wires  on  the  properties  and  the  dimensions  of  the  intermediate 
intermetallic  layer  both  standard  welding  wires  of 
brands  AK,  AMg5,  AMg6  as  well  as  experimental  welding  wires  were 
tested.  Argon-arc  welding  with  a  nonconsumable  electrode  on  an 
ADSV-2  automatic  welder  was  employed  to  obtain  stable  and  comparable 
results.  The  regimes  of  the  automatic  argon-arc  welding  and  the 
data  on  the  testing  of  steel/aluminum  joints,  carried  out  in  two 
ways,  employing  standard  welding  wires  (also  including  ADi  wire) 
are  presented  in  Table  1^.  As  is  evident  from  t.ie  table,  the 
employment  of  standard  welding  wires,  with  *he  except ‘on  of  band 
AK,  does  not  ensure  the  obtainment  of  welded  joints  w^th  sufficient 
strength.  For  the  purpose  of  increasing  the  strength  characteristics 
of  steel/aluminum  joints  the  effect  of  the  following  alloying 
elements,  introduced  Into  the  seam  via  the  welding  wire,  was 
investigated:  silicon  (to  8$),  copper  (to  5$),  zinc  (to  15$), 
nickel  (to  3%)  and  beryllium  (1.6$).  The  selection  of  the  alloying 
elements  within  the  Indicated  limits  is  due  to  the  possibility  of 
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obtaining  composite  welding  wire,  making  it  possible  to  carry  out 
welding  on  automatic  welders. 


Table  1*1,  Regimes  of  argon-arc  welding  of  composite  joints 


Combination 
of  metals 
being 
welded 


AMg6-St .  3 


AMg6-St .  3 
AMg6-St.  3 


AMg5V-St.  3 


AMg5V-St.  3 


E 

E 


to 

to 

flj 

C 

o 

•H 


6+6 


6+6 
6  +  6 


5  +  5 


5  +  5 


Welding  regimes 


<D 


■H 


<D 

£ 


AMg6 


AMg5V,  02.5 
AK,  02.5 


AK,  02.5 


ADI,  03 


o 

c 

o 


■P 

c 

o 

u 

3 

O 


220 


220 

220 


220 


200 


o 


bO 

C 

•H 

TJ 

H  JC 
O  \ 
£  E 


5.4 


5.4 

5.6 


6.2 


6.2 


-p 

«s 


■o 

<D 

<P 


<1> 

k  x: 

■H  \ 
£  E 


50 


28 

28 


C\i 


\ 

S 

a) 

'O 


*  m 
O 


28 


28 


11.2-22.3 


22.0 


12.0-21.3 


21.0 


Nature  of 
failure 


In 


The  seam 
resulted  ii 
a  crack 
along  the 
transition 
line  to 
steel  during 
the  welding 
process 


The  same 


In  certain 
seams  there 
are  micro¬ 
cracks 


9.3-10.7 
“978 - 


^Average  value  of  five  tests. 


The  wires  were  manufactured  on  a  laboratory  device  by  the 
method  of  drawing  from  a  melt  of  brand  AV00  aluminum  [60].  Aftt± 
extraction  the  wires  were  first  tested  by  manual  argon-arc  welding, 
and  were  then  drawn  on  a  wire  drawing  machine  to  obtain  the 
required  diameter.  A  total  of  IS  experimental  wires  were  manu¬ 
factured.  The  data  on  the  chemical  and  spectral  analyses  of  the 
experimental  wires  (AV00  base)  are  presented  in  Table  15  (the 
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wire,  containing  1.6-1. 9  Be  is  not  included  in  the  table).  Plane 
specimens  were  cut  from  welded  plates  for  tensile  testing;  sections 
were  manufactured  for  micro-  and  macrotesting,  corrosion  testing, 
etc.  Metallographic  investigations  showed,  that  the  introduction 
of  the  indicated  additives  into  the  weld  pool  can  cause  a  sharp 
variation  in  the  form  of  the  layer  of  formed  intermetallic 
compounds . 


Table  15.  Data  of  the  chemical  analysis,  of  the 
investigated  wires. _ 


Experimental 
wire  number 

Content  of  elements,  % 

Si 

Cu 

Ni 

Zn 

Pe 

1 

Traces 

Traces 

- 

2.0 

0.2 

2 

1? 

ft 

- 

7.0 

0.2 

3 

11 

If 

- 

10.2 

0.2 

4 

M 

11 

- 

13.2-15.0 

0.25 

5 

1.1-1.22 

Tt 

,  - 

Traces 

0.12 

6 

2.11-2.33 

ft 

- 

It 

0.18 

7 

2. 8-3. 5 

It 

- 

tt 

0.10 

8 

3-7-^ • 5 

It 

- 

If 

0.20 

9 

5.0 

tt 

- 

11 

0.20 

10 

6.2 

- 

tt 

0.10 

11 

7.0 

11 

- 

t! 

0.10 

12 

7. 8-8.0 

- 

It 

0.19 

13 

Traces 

1.2-1.45 

- 

tt 

0.10 

14 

11 

2. 5-2. 8 

- 

It 

0 .10 

15 

n 

5.1 

- 

It 

0.10 

16 

1? 

Traces 

1.0 

11 

0.10 

17 

IT 

t? 

2. 9-3. 2 

If 

0.10 

18 

11 

2. 9-3. 2 

0.10 

Note .  All  wires  contain  hundredths  of  a  percent 
of  magnesium. 


Silicon.  The  results  of  the  investigation  of  the  effect  of 
silicon  are  illustrated  by  Pig.  51  and  Fig.  52,  a-d,  from  which  it 
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is  evident,  that  silicon  in 
amounts  of  1-855  has  a  considerable 
effect  on  the  thickness  of  the 
intermetallic  layer.  The  width 
of  the  layer  varies  from  18-20  ym 
upon  the  introduction  of  1% 
silicon  up  to  3-5  ym  when  its 
content  is  4-4.5?.  A  subsequent 
increase  in  silicon  content  (up 
to  8£)  increases  the  width  of  the 
layer  up  to  10-15  ym,  which 
subsequently  remains  practically 
constant.  This  type  of  effect  of  silicon,  which  leads  to  a 
decrease  in  the  thickness  of  the  layer  by  three-four  times  is 
confirmed  by  published  data,  pertaining  to  the  production  of 
bimetallic  castings  [86,  87,  189]. 

The  silicon,  contained  in  a  weld  pool,  very  intensely  retards 
the  diffusion  of  aluminum,  as  a  result  of  which  the  layer  either 
does  not  form,  or  its  formation  is  inhibited.  Apparently,  such  a 
considerable  reduction  in  the  magnitude  and  the  rate  of  formation 
of  the  transition  layer  can  be  explained  by  the  reduction  in  the 
coefficient  of  aluminum  diffusion  as  a  consequence  of  the  formation 
of  the  solid  solution  and  the  chemical  compounds  of  silicon  with 
iron . 
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Fig.  51.  The  dependence  of 
the  thickness  of  the  inter¬ 
metallic  layer  6  of  a 
steel/aluminum  welded  joint 
on  the  content  of  B  alloying 
elements  in  the  wire. 


Copper.  The  effect  of  the  addition  of  copper  was  studied 
when  it  was  introduced  in  amounts  of  up  to  5% ■  The  results  of  the 
investigation  of  the  effect  of  copper  on  the  thickness  of  the 
intermetallic  layer  are  presented  in  Figs.  51  and  52.  Copper, 
introduced  into  welding  wire  in  small  quantities  (up  to  2.5%), 
reduces  the  thickness  of  this  layer  from  23-30  ym  to  10-12  ym, 
i.e.,  almost  by  2.5  times.  The  further  addition  of  copper  does 
not  lead  to  a  significant  change  in  the  dimensions  of  the  inter¬ 
metallic  layer:  at  5%  the  thickness  of  the  layer  is  12-15  ym. 
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Fig*  52.  Microstructure 
of  the  transition  layer 
(*150),  obtained  in  the 
welding  of  St .  3  steel 
with  AMg5V  alloy  employ¬ 
ing  additives  containing 
a)  22  Si;  b)  5 %  Si;  c) 

8%  Si;  d)  1*  Cu;  e)  52 
Cu;  f)  1.62  Be. 


In  view  of  the  fact, 
that  with  the  Introduction 
of  the  Indicated  amounts 
of  copper  the  thickness 
of  the  layer  Is  greater, 
than  with  the  introduction 
of  silicon,  the  strength 
of  the  compounds  in  this 
case  can  be  as  high  as 
18-25  daN/mm2. 

The  introduction  of 
copper  does  not  reduce 
the  microhardness  of  the 
transition  layer. 


Nickel .  The  intro¬ 
duction  of  nickel  in  an 
amount  of  up  to  12  did 
not  cause  a  variation  in 
the  thickness  of  the 
intermetallic  layer 
(Fig.  53,  d  and  f  [sic]) 
within  the  limits  of 
16-22  ym  and  also 

practically  did  not  vary  the  microhardness  of  the  layer  (Fig.  54). 


Fig.  53-  Micro¬ 
structure  of  the 
transition  layer 
(xl50),  obtained  in 
the  welding  of  St.  3 
steel  with  AMg5V  alloy 
employing  additives 
containing:  a]  2% 

Zn;  b)  7%  Zn;  c)  105* 
Zn;  d)  1%  Ni;  e)  3% 

Ni  . 


-iO  -10  0  10  I.**#  III  |1  | 

„  - *  U  -20  -if)  0  10  l  .MM 

Aluminum  Layer  Steel  y  j  -  J  ; 

layer  Aluminum  Layer  Steel 

layer 

Fig.  5^.  Microhardnesses  of  the  tran¬ 
sition  layers  of  a  steel/aluminum  joint 
during  alloying  with  various  elements. 


Beryllium.  The  introduction  of  beryllium  in  an  amount  of  up 
to  1%  [68]  also  did  not  change  the  thickness  and  the  microhardness 
of  the  intermetallic  layer. 

Zinc.  The  effect  of  the  addition  of  sine  was  investigated 
when  its  content  in  the  welding  wire  was  as  high  as  15%,  since 
with  a  large  content  of  zinc  it  was  not  possible  after  drawing 
to  obtain  a  sufficient  quantity  of  wire  for  automatic  welding  due 
to  its  brittleness. 

The  dependence  of  transition  layer  thickness  on  zinc  content 
is  illustrated  by  Figs.  51  and  53a,  b,  and  c,  from  which  it  is 
evident,  that  zinc  has  a  distinctive  effect  on  the  intermetallide 
layer.  For  example,  upon  increasing  the  zinc  content  up  to 
approximately  7%  the  thickness  of  the  layer  is  reduced  from  28-30 
urn  to  10-12  pm,  and  then  increases  with  the  appearance  in  the 
joint  zone  of  a  large  quantity  of  inclusions,  having  the  form  of 
"flakes”  (Fig.  53b)  .  The  absence  of  a  clearly  defined  inter¬ 
metallic  layer  (a  zinc  content  of  10  and  15%),  is  characteristic 
here,  which  is  accompanied  by  a  sharp  drop  in  joint  strength. 

The  Indicated  regularities  of  the  variation  in  the  transition 
layer  under  the  effect  of  zinc  can  be  explained  by  the  fact, 
that  aluminum-zinc  alloys  are  distinguished  by  increased  reactivity 
with  respect  to  iron  [30,  68,  228].  As  a  result  of  this  the  inter¬ 
metallic  layer  which  is  formed  dissolves  intensely  in  the  weld  pool. 
Under  specific  temperature-time  conditions  the  rate  of  dissolving  of 
intermetallides  is  equal  to  their  formation  rate.  In  this  case  the 
layer  is  clearly  expressed  and  its  thickness  can  be  measured  rather 
accurately.  A  further  increase  in  zinc  content  creates  those  types 
of  conditions,  when  the  rate  of  dissolving  begins  to  predominate 
over  the  rate  of  formation  of  the  intermetallic  diffusion  layer.  Its 
density  is  considerably  reduced;  a  large  quantity  of  intermetallides, 
v.'hich  are  completely  or  partially  dissolved,  is  observed  on  the 
microsections  (Fig.  53b,  c),  which  also  leads  to  a  sharp  drop  in  joint 
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strength  [53] •  The  effect  of  zinc  and  the  microhardness  of  the 
transition  layer  of  a  St.  3  steel-AMg5V  alloy  joint  is  interesting. 

If  the  average  magnitude  of  microhardness  (see  Pig.  5*0  is 

p 

reduced  comparatively  slightly  (645-775  daN/mm  ),  then  the  strength 
during  tensile  testing  is  at  first  sharply  increased,  attaining 

O 

a  maximum  value  of  27-34  daN/mm  with  a  zinc  content  of  about  7$, 
and  then  decreases  and  with  a  zinc  content  of  12-15$  can  be  as  low 
as  5-8  daN/mm  ,  which  agrees  with  the  data  of  zinc-galvanizing 
[157]. 

The  effect  of  rare-earth  elements  was  studied  by  introducing 
mischmetal  into  wire.  The  rare-earth  elements  have  a  favorable 
effect,  when  their  content  is  less  than  0.2%. 

On  the  basis  of  the  data  obtained  in  a  study  of  the  effect 
of  the  chemical  composition  of  additive  material  on  the  propert:  s 
of  the  layer  and  the  strength  of  a  steel/aluminum  joint  an  optimum 
composition  of  the  welding  layer  was  proposed  for  welding  St.  3 
brand  galvanized  steel  with  aluminum  alloys:  5-8$  Zn;  3-5$  Si; 
2-2.5$  Cu;  A1  -  the  remainder. 

The  data,  obtained  by  metallographic  methods,  and  also  by 
measuring  microhardness  illustrate  the  significant  change  in  the 
width  of  the  layer  and  indicate  the  variation  in  its  composition. 
This  is  insufficient  to  explain  the  structure  of  the  intermetallic 
layer  and  its  composition. 

We  made  an  attempt  to  study  the  structure  of  the  layer,  by 
employing  very  high  magnifications  on  an  UZM-100  electron 
microscope.  There  are  no  published  recommendations  on  a  method 
for  obtaining  replicas  from  any  pairs  of  bimetals.  For  the 
investigation  of  microstructure  replicas  were  prepared  by  the 
methods  described  in  works  [52,  89,  3]  with  respect  to  homogeneous 

metals . 
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Figure  55a  presents  the  boundary  of  the  transition  from  steel 
to  the  intermetallic  layer  during  alloying  of  the  pool  with 
silicon >  and  Fig.  55b  -  with  alloying  with  copper.  As  Is  evident, 
the  Intermetallic  layer  does  not  differ  In  external  appearance  In 
both  cases. 


Fif  .  55-  Transition  boundary  from  the  steel  to  the  Intermetallic 
layer  In  the  alloying  of  a  pool:  a)  additive  of  4 %  silicon 
(*6500);  b)  additive  of  1 %  copper  (xl5,000). 

Thus,  methods  of  metallographic  analysis  and  electron  micro¬ 
scope  analysis  do  not  make  it  possible  to  detect  any  difference 
in  the  structure  of  the  transition  layer,  which  has  the  appearance 
of  a  single  layer,  frequently  interrupted,  In  the  form  of  a  number 
of  Inclusions,  the  relief  of  which  Is  different  from  the  relief 
of  the  base  metal  and  the  seam  metal. 

The  attempt  to  employ  the  microharoness  method  for  Identifying 
phases  in  a  seam  layer  did  not  lead  to  positive  results,  since, 
first,  in  measuring  the  microhardness  of  phase  standards  of  a  Fe-Al 
system  a  large  spread  of  values  was  observed  and,  secondly  the 
microhardness  of  the  phases,  constituting  the  seam  layer,  could  not 
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always  be  measured  with  the  required  accuracy  due  to  the  small 
thickness  of  the  layer  (1-2  pm) .  Thus,  for  studying  the  composition 
of  layers  in  iron/aluminum  seams,  and  also  in  these  same  seams  with 
their  alloying  with  other  metals  (Zn,  Mg,  Cu,  Si,  Be)  and  for 
determining  ways  to  increase  Joint  strength  X-ray  phase  analysis 
and  micro-X-ray  spectroanalysis  were  employed. 

3.  Phase  Composition  of  Steel/ 

Aluminum  Seams 

X-ray  Investigation  Method 

The  method  of  X-ray  phase  analysis  was  employed  as  the  main 
method  for  investigating  the  phase  composition  of  Iron/aluminum 
seams.  For  the  X-ray  structural  analysis  of  a  metal,  isolated 
from  an  intermetallic  layer,  the  powder  method  was  also  employed. 

The  powder  for  the  making  of  X-ray  photographs  was  obtained  either 
by  the  mechanical  method,  or  by  the  chemical  method  -  the  method 
of  electrochemical  dissolving  of  a  metal.  In  this  case,  electro¬ 
lytes  were  employed,  the  compositions  of  which  are  cited  in 
literature  [83,  117]- 

For  isolating  intermetallides  of  the  Fe  A1  type  a  method 
(the  author  was  G.  P.  Manzheley)  was  developed,  based  on  the 
chemical  dissolving  of  seam  metal  in  a  10%  alcohol  solution  of 
iodine  in  methanol.  Uniform  dissolving  of  the  given  section  of 
the  specimen  metal  surface  takes  place  in  this  medium;  the  metal 
obtained  from  the  section  was  washed  free  of  the  solvent  by 
methyl  alcohol  in  a  centrifuge;  it  was  dried  in  a  carbon  dioxide 
medium  and  then  subjected  to  X-ray  structural  analysis. 

Results  of  Investigations 

Many  opinions  have  been  expressed  relative  to  the  phase  makeup 
of  an  intermetallic  layer.  Thus,  for  example,  G.  A.  Bel’ehuk  [15] 
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assumes,  that  the  FeAl^  phase  is  formed  in  a  layer,  however  these 
data  are  not  confirmed  by  direct  experiments. 

The  most  developed  fusion  layers  are  obtained  during  prolonged 
interaction  of  aluminum  with  steel.  The  authors  of  works  [1*J4, 

210,  236]  showed,  that  the  layer  consists  of  two  zones:  a  thin 
layer,  adjacent  to  the  aluminum,  and  a  thick  layer,  growing  within 
the  iron.  It  was  established  by  these  investigations,  that  both 
zones  of  the  layer  have  an  identical  composition  -  the  intermetallic 
compound  FeAl^  and  Fe^Al^.  At  the  same  time,  other  investigators 
[198]  by  means  of  metallographic  Investigations  and  measurement 
of  microhardness  detected  Fe2Alc;  and  Al^C^  phases  in  the  layer  [21]. 

The  contradictory  results  obtained  by  investigators  concerning 
the  phase  composition  of  the  diffusion  layer  are  explained  by  the 
difficulty  in  studying  fine  diffusion  layers,  by  the  absence  of 
complete  and  reliable  data  on  the  crystalline  structure  and 
properties  of  the  intermetallic  phases  of  the  iron-aluminum  system, 
by  vhe  low  symmetry  of  the  crystal  lattices  of  these  phases, 
especially  with  a  high  content  of  aluminum. 

To  study  the  phase  composition  of  iron/aluminum  seam  layers, 
obtained  by  argon-arc  welding,  specimens  of  aluminum-steel 
compounds  were  prepared  with  a  different  type  of  preparation  for 
welding,  and  also  by  the  introduction  of  alloying  additives. 

These  seams  were  arbitrarily  broken  down  into  four  greups. 

Seams,  made  by  the  argon-arc  deposition  on  a  plate  of  St.  3 
steel  (or  lKhl8N9T  steel)  with  a  welding  wire  of  ADI  pure  aluminum 
(Fig.  56a),  we re  included  in  the  first  group.  The  deposition 
formed  in  this  case  is  readily  separated  from  the  base  metal;  in 
this  case  failure  occurs  along  the  brittle  intermetallic  layer. 

The  phase  composition  of  this  group  of  seams  was  studied  on  15 
specimens.  The  powders,  obtained  by  the  successive  removal  of  the 
deposition  layers  (samples)  with  a  fine  file,  beginning  with  the 
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surface,  from  which  it  was  spontaneously  separated  from  the  steel 
plate,  into  the  depth  of  the  deposition,  were  subjected  to  X-ray 
analysis . 

The  second  group  consists  of  seams, 
obtained  by  the  welding  of  galvanized  steel 
(without  edge  preparation)  -  plate  with 
pure  aluminum  (Fig.  56b) .  These  seams 
(investigation  was  carried  out  on  18  speci¬ 
mens)  had  insufficient  strength,  equal  to 
the  strength  of  pure  aluminum,  and  it  was 
possible  to  separate  them  into  iron  and 
aluminum  parts.  For  the  X-ray  analysis 
metal  layers  were  removed  from  the  seam  surface  (intermediate 
layer)  both  from  the  aluminum,  as  well  as  from  the  iron  with  a  file. 

The  third  group  (22  specimens  were  investigated)  consists  of 
the  strongest  and  the  most  perfect  joints,  obtained  by  the  welding 
of  aluminized  lKhl8N9T  steel  with  AMg6  alloy.  A  diagram  of  this 
type  of  seam  is  represented  in  Fig.  56c,  With  regard  to  the 
strength  of  the  seams  of  this  group  it  was  not  possible  to  separate 
the  aluminum  and  iron  parts;  the  layers  of  metal,  removed  with  a 
file  successively  from  the  aluminum  to  the  iron,  for  the  purpose 
of  recovering  the  intermetallic  iron-aluminum  phases  in  the 
transition  through  the  seam,  were  subjected  to  X-ray  analysis. 

Iron/aluminum  seams  alloye  .  with  other  metals  (Zn,  Mg,  Si, 

Cu,  and  Be)  were  included  in  the  fourth  group. 

The  alloying  of  the  seams  was  carried  out  in  three  different 
ways  (Fig.  56d)  :  a)  the  iron  (St.  3  steel)  was  galvanized  with  a 
layer  of  zinc  with  a  thickness  of  35—^5  um;  b)  for  the  welding 
aluminum,  alloyed  with  magnesium  -  AMg5V  alloy  (A1  +  5%  Mg)  was 
employed;  c)  the  aluminum  welding  wire  was  alloyed  with  zinc  (15; 

10;  7  and  2%),  with  silicon  (8;  5;  3  and  1%) ,  with  copper  (2.5  and 
1%  and  with  beryllium  (1$). 


Deposition 


WlZ E3D  b) 

c) 

2»  .  AIM* 

Fig.  56.  *  Diagrams 
of  the  alloying  of 
welded  seams. 


133 


As  follows  from  the  alloying  diagram,  in  the  preparation  of 
the  fourth  group  of  seams  only  the  composition  of  the  welding  wire 
was  varied  (subsequently,  for  seams  of  this  group  only  the  alloying 
of  the  aluminum  welding  wire  is  indicated) . 

Investigation  of  the  phase  composition  was  carried  out  on 
two  specimens  for  each  composition  of  welding  wire.  The  seams 
were  separated  along  the  intermetallic  layer  and,  as  in  the 
investigation  of  the  phase  composition  of  seams  of  the  second 
group,  layers  of  metal  were  removed  from  the  surface  of  the 
intermetallic  layer  of  the  iron  and  the  aluminum  and  these  were 
subjected  to  X-ray  analysis. 


Precision  measurements  of  the  lattice  constants  of  phases  in 
the  seams  were  carried  out  along  line  211  a  (for  iron),  311  a  and 
222  a  (for  aluminum)  and  along  lines  103  a,  110  a  and  00 ^  a  (for 
( zinc)  . 


For  a  microstructural  investigation  of  iron/aluminum  seams 
sections  of  the  seams  were  prepared  perpendicular  to  the  plane  of 
the  intermetallic  layer  and  they  were  processed  in  a  corresponding 


manner . 


X-ray  analysis  [172]  of  the  phase  composition  of  seams  of  the 
first,  second,  and  third  groups  indicates  that  in  all  specimens 
of  each  group  of  seams  the  sequence  of  the  variation  in  the  phase 
composition  of  the  removed  layers  of  metal  was  identical.  The 
investigational  data  of  the  phase  composition  of  typical  seams  of 
the  first,  second,  and  third  groups  are  presented  in  Table  16. 

(The  ordinal  number  of  the  sample  reflects  the  sequence  of  the 
removal  of  the  metal  layers.)  The  phase  composition  of  the  seams 
of  the  fourth  group  are  more  diverse  and  depends  on  the  qualitative 
(and  quantitative)  composition  of  the  welding  wire.  Thus,  on  the 
X-ray  photographs  of  samples  of  seams,  alloyed  with  zinc  (which 
contain  zinc  in  the  aluminum  welding  wire  as  an  alloy  additive), 


besides  the  lines  of  a- iron  and  aluminum^ zinc  and  FeAl^  lines  are 
observed  (Table  17).  In  other  seams  (Table  18)  of  this  group, 
besides  Fe,  Al,  and  Zn,  FeZn^  (in  seams,  alloyed  with  silicon) 
FeZn^  and  traces  of  FeAl^,  in  the  alloying  of  seams  with  copper) 
and  traces  of  FeAl,  f in  seams,  alloyed  with  beryllium)  were  also 
detected. 


Table  16 .  Phase  composition  of  samples  of  three  groups  of  seams. 


<l>  u 

H  <D 

Seam  of  first 
group  (to 
aluminum  de¬ 
position) 

Seam  of 

second  group 

Seam  of  third 

O.J3 

E  E 

ft!  3 

CO  C 

to  Al 

to  Fe 

group  ' from  Al 
to  Fe) 

1 

Fe^Al- 

d.  J 

Al  +  Fe2Al5 

Fe  4  Al  4  Fe241cj 

Al 

2 

Fe0All. 

2  5 

Al  +  Fe0Alc 
2  5 

(traces) 

Fe  +  Fe-Alj.  +  Al 
2  5 

Al 

3 

Fe-Al..  +  FeAl- 
2  5  3 

Al  +  Fe- Alj. 
2  5 

(traces) 

Fe  +  Fe-Alj. 

2  5 

Al 

4 

Fe?Al5  +  FeAl3 

Al 

Fe  4  Fe’-Al,. 

2  5 

(traces) 

Al  +  Fe-Alc 

2  5 

(traces) 

5 

FeAl3  +  Fe2Al5 

Al 

Fe 

Fe  4  Al  4  Fe2Al 
(traces) 

6 

FeAl3  +  Al  + 

+  Fe2Al^ 
(traces) 

Al 

Fe 

Fe  4  Fe0Alc 

2  5 

(traces) 

7 

FeAl3  +  Al 

Al 

Fe 

Fe 

8 

FeAl3  +  41 

Al 

Fe 

Fe 

9 

Al  +  FeAl, 

Al 

Fe 

Fe 

10 

Al  +  FeAl^ 

Al 

Fe 

- 

5 


The  lattice  constant  of  the  a-phase  in  welded  seams  increases 
with  an  increase  in  the  aluminum  content  percent  in  Lhem,  which 
agrees  well  with  the  dimensions  of  the  atoms  (the  atomic  radius 
of  iron  is  equal  to  1.26  aluminum  -  1.4  3  &  [22,  1681) .  It  is 
interesting  to  note,  that  the  lattice  constant  of  FeAl  is  less  than 
the  lattice  constant  of  the  a-phase,  which  contains  the  maximum 
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Table  17.  Phase  composition  of  seams  alloyed 


Seams,  alloyed  with 


Sam-  Seams ,  alloyed 
pie  with  Zn  (to 
No.  Fe) 


15?  Zn 


10%  Zn 


Pe  +  Zn  +  A1  A1  +  Zn  A1  +  Zn  +  FeAl. 

(traces) 

Fe  +  Zn  Al  +  Zn  A1  +  Zn  +  FeAljAl  +  Zn  +  FeAl. 


with  zinc 


Zn  (to  Al) 


2%  Z 


Al  +  Zn  +  FeAl, 


Fe  +  Zn 
( traces) 


(traces) 

Al  +  Zn  Al  +  Zn  +  FeAl, 
(traces) 

Al  +  Zn  Al  +  Zn 


Al  +  Zn  Al  +  Zn 
( craces) 

Al  +  Zn  Al  +  Zn 
(traces)  (traces) 

Al  +  Zn  Al  +  Zn 
(traces) 

Al  +  Zn 


(traces)  J 

Al  +  Zn  +  FeAl 
(traces) 

Al  +  Zn  +  FeAl ^ 
(traces)  ^ 

Al  +  Zn  +  FeAl3 
Al  +  Zn  (traces) 
Al  +  Zn  (traces) 
Al  +  Zn 


Table  .18 .  Phase  composition  of  seams,  alloyed  with  Si,  Cu,  Be . 


Seams  alloyed  with  31,  Cu,  Be  (to  Al) 


Sam-  Seams  alloyed 
pie  with  Si,  Cu, 
No.  Be  (to  Fe) 


Fe  +  Zu  +  Al  Al  +  Zn  +  FeZn„  Al  +  Zn  + 

'  +  FeZn^  + 


Fe  +  Zn  Al  +  Zn  • 
(traces)  +  Al  'traces) 
(traces ) 


(traces ) 

Al  +  Zn  1 
( traces ) 


Fe  +  Zn 
( traces ) 


Al  +  Zn  +  Fe7n„  Al  +  Zn 
(traces) 


Al  +  Zn 

Al  +  Zn 
( traces) 

Al  +  Zn 
(traces) 


Al  +  Zn 

Al  +  Zn 
(traces) 


Al  + 

Zn  +  FeAl 

(traces) 

Al  + 

Zn 

Al  + 

Zn 

Al  + 

Zn 

(traces) 

Al  + 

Zn 

(tra- 

ces) 

amount  of  aluminum,  in  spite  of  the  fact,  that  the  amount  of  the 
latter  in  FeAl  is  greater,  than  in  the  a-phase.  The  anomalous 
variation  in  lattice  constant  is  due,  apparently,  to  the  supplemental 
interaction  between  the  heterogeneous  atoms,  arising  after  their 
ordering. 


Thus,  the  phase  composition  of  the  layer  between  the  iron 

and  aluminum  in  welded  seams  can  be  most  clearly  traced  in  studying 

seams  of  the  first  group.  In  metal  samples,  removed  from  the 

deposition  surface,  on  which  it  was  separated  from  the  steel  plate. 

X-ray  analysis  records  a  pure  Fe^Al^  phase.  In  deposition  layers 

more  remote  from  the  failed  surface  a  mixture  of  phases  is  already 

contained  -  first  Fe„Al,-  +  FeAl,,  and  then  FeAl,,  +  Al. 

2  5  3  3 


Thus,  the  sequence  of  phases  in  the  deposition  in  moving  away 
from  the  surface,  on  which  the  failure  of  seams  of  this  group 
occurred,  into  the  depth  of  the  deposition,  can  be  represented  as 
a-Fe  ■+  Fe2Al^  -+  (FeAl„)  Al. 


(FeAl3) 


The  investigation  of  the  phase  composition  of  seams  of  the 
second  group  was  carried  out  from  their  failure  surface  both  for 
aluminum,  as  well  as  for  iron.  The  sequence  of  phases  in  the 
transition  from  steel  to  aluminum  3s  as  follows:  a-Fe  -*>  Fe^  il^  -*•  Al, 
and  in  the  metal  layers,  removed  from  the  failed  surface  of  the 
seam  both  for  the  iron,  as  well  as  for  the  aluminum,  always 
contained  the  Fe2Al^  phase. 


Only  traces  of  Fe2Alj-  were  detected  in  the  high-quality  seams 
of  the  third  group.  On  the  basis  of  these  data  it  is  possible  to 
conclude,  that  the  low  strength  of  tne  iron/aluminum  welded  seams 
Is  due  to  the  appearance  in  them  of  the  more  brittle  Fe^l^.  phase  In 
the  Fe-Al  system;  with  a  reduction  in  the  amount  of  Fe2Al^  in  the 
seams  their  strength  is  increased. 
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The  negative  effect  of  the  Fe2Al^  phase  on  the  strength  of 
iron/aluminum  seams  is  further  confirmed  by  the  fact,  that  the 
Fe^Al^  phase  was  not  detected  in  sufficiently  strong  seams  of  the 
fourth  group.  The  phase  composition  of  seams  of  this  group  is  more 
diverse.  In  seams,  alloyed  with  zinc  (15%),  Fe,  A1  and  Zn  are 
found  and  no  intermetallic  phases  were  detected.  With  a  lesser 
zinc  content  in  the  welding  wire,  besides  Fe,  Zn  and  Al,the  FeAl^ 
phase  appears.  In  seams,  alloyed  with  other  metals  (Si,  Cu,  Be), 
besides  Al,  Zn  and  Fe,  intermetallic  phases  are  also  detected: 
in  alloying  with  silicon  -  the  FeZn^  phase,  in  alloying  with 
copper  -  small  quantities  of  the  FeZn^  phase  and  traces  of  FeAl^, 
and  in  seams,  alloyed  with  beryllium,  -  traces  of  FeAl^  and 
moreover  FeZn^  and  FeAl^  were  found  in  the  samples,  removed  from 
the  surface  with  a  file,  on  which  Joint  failure  occurred.  Con¬ 
sequently,  the  formation  of  these  phases  in  seams  also  negatively 
affects  the  strength  of  the  seams,  but  to  a  lesser  extent,  than 
with  the  appearance  of  the  Fe^Al,-  phase.  The  seams,  alloyed  with 
Zn  (15%)  in  which  no  intermetallic  phases  were  detected,  were  the 
strongest . 

Since  in  a  high-quality  welded  joint  the  thickness  of  the 
intermetallic  layer  does  not  exceed  a  few  microns,  then  the 
determination  of  its  chemical  composition  is  made  difficult.  In 
connection  with  this,  to  study  the  distribution  of  elements  and 
to  determine  the  phase  composition  of  the  fusion  zone  of  aluminum 
with  steel  the  method  of  micro-X-ray  spectral  analysis  [micro- 
radiography]  was  employed. 

4.  Distribution  of  Elements  in 
the  Fusion  Zone  in  the  Welding  of 
Aluminum  with  Steel 

An  investigation  of  the  distribution  of  elements  in  the 
fusion  zone  and  a  determination  of  the  chemical  composition  were 
carried  out  on  an  electron  microanalyzer  manufactured  by  the 
French  firm  "Cameca,"  and  developed  by  R.  Castaign  [192].  The 
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design  and  technical  characteristics  of  this  instrument  are 
described  in  works  [20,  97]. 

The  microradiographic  method  [micro-X-ray  spectral  analysis] 
consists  in  the  fact,  that  a  beam  of  electrons  is  directed  on  the 
section  of  the  specimen  being  investigated  -  the  electron  probe, 
the  diameter  of  which  can  be  varied  within  broad  limits  (the 
minimum  dimension  of  the  probe  is  equal  to  1  pm) .  At  the  site 
where  the  electrons  hit  the  sample  characteristic  radiation  of 
the  elements,  making  up  the  composition  of  the  sample,  is  excited. 

By  decomposing  the  radiation  into  a  spectrum  with  the  aid  of  a 
crystal  analyzer,  it  is  possible  to  qualitatively  and  quantitatively 
determine  the  chemical  composition  of  the  micro-volume  being 
irradiated  [192.  214],  An  additional  attachment,  a  "Scanner"  is 
hooked  up  to  the  microanalyzer  to  obtain  a  photographic  image  of 
the  qualitative  distribution  of  the  elements  on  the  specimen 
surface  with  a  resolving  power  of  approximately  1  pm. 

The  image  is  obtained  in  the  following  manner.  The  specimen 
surface  section  being  analyzed  is  moved  in  two  mutually  perpendicu¬ 
lar  directions  so  that  the  electron  beam  line  after  line  passes 
over  the  section  being  analyzed.  Potentiometers  of  the  continu¬ 
ously  rotating  type  supply  i  periodic  sawtooth  voltage,  employed 
to  move  the  specimen  and  the  spot  on  the  oscilloscope  screen. 

These  two  motions  are  very  accurately  synchronized  and  the 
oscilloscope  spot  is  modulated  by  a  pulse  signal  coming  from  the 
radiation  counter.  It  is  possible  to  set  the  sweep  field  employing 
mechanical  attachments  at  100  <  100  pm;  200  x  200  pm;  300  x  300  pm. 
Photographing  is  carried  out  with  "Polaroid"  camera  with 
instantaneous  development. 

Variation  in  the  quantitative  composition  can  be  ascertained 
in  accordance  with  the  variation  in  the  intensity  of  the 
spectral  line  of  a  given  element.  However,  the  presence  of  the 
atoms  of  other  elements  ■’n  the  specimen  and  other  factors  has  an 
effect  on  this  intensity,  and  the  taking  into  account  of  these 
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factors  is  frequently  rather  difficult. 

Various  methods  for  introducing  corrections  have  been  proposed 
to  obtain  more  accurate  quantitative  data  [210,  214].  The  simplest 
of  these  is  the  standardizing  method  [96,  97].  For  ;his  it  is 
necessary  to  select  standard  alloys,  the  basic  requirement  imposed 
on  which  -  is  a  good  degree  of  homogenization  checked  on  the 
micro-probe . 

Having  measured  the  intensity  of  the  characteristic  line  of 
element  A  in  standard  and  the  intensity  of  the  same  line  in  the 
pure  element  J|^|>  graphs  of  C^%  -  JA/J|A|  100  are  plotted,  where  - 

should  be  determined  by  the  chemical  method  or  by  another 
method. 

In  this  work  the  graphs  of  such  dependences  were  plotted  to 
determine  the  concentration  of  aluminum  .and  silicon  in  the  iron 
with  an  accelerating  voltage  of  1 6 . 5  kV  and  a  probe  current  of 
0.045-0.05  pA  (Fig.  57).  For  this  a  number  of  alloys  were 
prepared  by  fusing  a  compressed  mixture  of  powders  of  especially 
pure  iron  carbonyl  (99-98!?  Fe,  the  remainder  is  C,  Nl)  and  AV000 
brand  aluminum  (99-99%  Al,  the  remainder  is  Fe,  Si,  Cu)  in  an 
electric  arc  furnace  in  a  helium  atmosphere.  These  alloys  were 
subsequently  employed  as  standards  for  X-ray  analyses,  for 
measuring  microhardness,  etc.  The  obtained  Ingots  were  subjected 
to  homogenizing  annealing  at  a  temperature  of  900°C  over  a  period 
of  36  h  and  then  were  quenched  in  water.  Graphs  of  dependences, 
similar  to  the  graphs  in  Fig.  57,  for  higher  contents  of  aluminum 
in  iron,  were  nt  plotted.  In  this  case  the  concentration  of 
Iron  was  determined,  and  the  alun inum  was  determined  from  the 
difference  after  having  taken  Into  account  the  percent  content 
of  other  alloying  elements.  In  all  of  the  measurements  the 
diameter  of  the  probe  was  1-3  urn  [1231. 
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Pig.  57.  Graduated  curves  far  determining  the 
content  in  iron  of:  a)  aluminum;  b)  silicon. 


Three  characteristic  types  of  steel/ 
aluminum  welded  specimens,  cut  from  the  alumi- 
num-to-steel  transition  zone  were  investigated: 


1)  a  St .  3  galvanized  steel  (the  thickness 
of  the  galvanized  coaling  was  about  pm)  and 
ADI  brand  aluminum  joint.  The  seam  was  made 
by  automatic  welding  employing  a  double¬ 
electrode  arc; 


2)  a  joint  of  the  same  St.  3  steel  with 
AMg5V  alloy.  The  seam  was  made  by  argon-arc 
welding  on  an  ADSV-2  automatic  welder  employing  welding  wires, 
containing  pure  AVOOO  brand  aluminum  with  additives  of  2  and  5% 
silicon; 

3)  a  joint  of  aluminized  lKhl8N9T  steel  with  AMg6  alloy.  The 
aluminizing  was  carried  out  in  pure  AVOOO  aluminum  under  the 
following  conditions:  temperature  of  780-820°C,  and  aluminizing 
time  r  90-120  s.  The  seam  was  made  by  automatic  argon-arc  welding 
employing  standard  AMg6  welding  wire.  In  all  cases  the  values  of 
heat  input  during  welding  were  maintained  constant. 

The  detection  of  the  structure  on  the  section  was  accomplished 
by  the  method  described  above  [10*1].  To  eliminate  the  effect  of 
relief  in  investigating  the  indicated  sections  on  the  micro-probe, 
they  were  subjected  to  slight  pickling  for  a  period  of  2-3  s, 
and  in  certain  cases  (with  a  clearly  observable  zone),  they  were 
rot  pickled.  The  sites  being  analyzed  were  first  checked  on  a 
PMT-3  instrument,  as  an  example,  Fig.  58  shows  the  microstructure 
of  the  intermetalllc  layer  on  a  section,  in  which  measurements  of 
the  concentration  of  aluminum  and  iron  were  carried  out.  The  layer 
with  traces  of  burning  by  the  electron  beam  is  clearly  evident. 


The  curves  of  the  distribution  of  aluminum,  iron  and  zinc  in 
the  transition  layer  in  a  steel-pure  aluminum  joint  are  presented 
in  Pig.  59.  The  curves  illustrate  the  sharp  drop  in  concentration 
in  the  transition  from  aluminum  to  the  intermetallic  layer  and 
from  the  Intermetallic  layer  to  the  steel.  The  width  of  the 
intermetallic  band  is  variable  and  fluctuates  within  the  limits 
of  5-20  yin.  As  is  evident  from  the  graph,  the  content  of  iron  in 
the  intermetallic  layer  is  approximately  42—  ^ 3% -  It  is  necessary 
to  note,  that  on  the  microstructure  (Fig.  5B)  a  dark  narrow 
intermediate  layer  of  insignificant  width  is  observed  with  respect 
to  the  steel. 

In  studying  the  zinc  distribution  it  turned  out,  that  the 
amount  of  zinc  in  the  phase  is  uneven  -  closer  to  the  steel  (in 
the  cited  band)  it  is  greater  and  constitutes  about  0.6-0. 7%, 
whereas  in  the  transition  layer  -  0.3-0. 4?.  The  higher  content 
of  zinc  in  the  region,  adjacent  to  the  steel,  should  be  assumed 
tentative,  since  the  diameter  of  the  probe  was  somewhat  greater 
than  the  width  of  the  dark  band.  It  is  also  characteristic,  that 
the  diffusion  of  aluminum  into  steel  is  almost  absent. 
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The  study  of  the  effect  of 
silicon  additives  in  the  weld  pool 
on  the  composition  and  the  dimen¬ 
sions  of  the  intermetallic  layer  is 
of  special  i  iterest.  The  fact 
itself  of  the  sharp  decrease  in  the 
thickness  of  the  intermetallic  layer 
is  known  [85,  1891,  however, 
various  hypothesis  exist  concerning 
the  nature  of  the  effect  of  silicon. 
Thus,  D.  I.  Layner  and  A.  G.  Yemel’- 
yanov  [87]  made  a  hypothesis 
concerning  the  formation  in  this 
case  of  the  complex  ternary  compound 
FexAlySi2J  as  a  consequence  the 
process  of  the  formation  of  iron- 
aluminum  phases  (FeAl^)  is  made 
difficult.  K.  Siguyasi,  S.  Mcrozuki, 
and  K.  Akira  [lM]  deny  the  formation  of  new  compounds  v-^th 
silicon,  by  explaining  the  decrease  in  the  layer  by  the  intense 
dissolving  of  iron. 

Figure  60  shows  the  distribution  curves  of  iron,  aluminim 
and  silicon  in  welding  with  aluminum  wire  with  5%  silicon.  As  is 
evident  from  the  graph,  the  distribution  of  iron  and  aluminum 
approximately  corresponds  to  the  graph  in  Fig.  59.  Worthy  of 
note  are  the  considerably  reduced  dimensions  of  the  transition 
layer,  the  width  of  which  in  this  case  is  almost  over  the  whole 
extent  of  the  joint  ^-6  ym;  only  at  individual  sites  does  it 
attain  10  ym  and  more. 

The  silicon  content  in  the  steel  fluctuates  within  the  limits 
of  0.15-0.2$;  in  the  intermetallic  layer  -  2.5-3%.  The  silicon 
content  in  the  aluminum  -  0.^-0. 5%.  Moreover,  a  nonuniform 
distribution  of  silicon  was  established  in  the  seam  metal:  on  the 
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across  the  fusion  zone  in 
the  welding  of  St.  3  steel 
with  pure  ADI  aluminum. 


grain  boundaries  -  increased 
silicon  content  from  6  to  15% 
as  compared  with  the  grain 
body  (0 . 4-0 . 5!? ) .  The  sharper 
segregation  of  silicon  is 
connected  with  the  presence  of 
magnesium  in  the  aluminum  solid 
solution.  It  was  not  possible 
to  detect  any  characteristic 
dependence  of  zinc  distribution 
in  the  transition  layer,  since 
the  dimensions  of  the  regions , 
enriched  with  zinc,  are  small 
and  have  an  ''insular”  nature. 


The  distribution  curves 
of  iron,  n-^kel,  chromium  and 
aluminum  in  the  transition 
layer  of  an  aluminized  lKhl8N9T 
steel  and  AMg6  alloy  joint  are  presented  in  Pig.  6l.  The  width 
of  the  layer  in  this  case  is  15-18  pm.  In  the  upper  corner  of  the 
diagram  it  is  shown,  how  these  elements  are  distributed  in  the 
aluminum  at  a  distance  from  the  layer  of  up  to  60  pm.  The  maximum 
content  close  to  this  layer  does  not  exceed  0. 3-0.4%;  at  a  distance 
of  50-60  pm  from  the  layer  it  reduces  to  hundredths  of  a  percent . 
Numerous  measurements  of  the  iron  distribution  in  the  layer  showed 
the  nonuniformity  of  its  distribution.  Thus,  for  example,  it  was 
established,  that  near  the  transition  from  the  layer  to  the 
aluminum  the  iron  content  is  somewhat  increased. 

A  photographic  image  (scanogram)  of  the  element  distribution 
was  obtained  for  clear  representation  of  the  established  regu¬ 
larity  in  the  iron  distribution.  A  representation  of  the 
photographed  section  is  presented  in  Fig.  62.  On  the  left  -  the 
steel  section  (the  lighter  background),  then  comes  the  intermetailic 
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iron,  aluminum  and  silicon  across 
the  fusion  zone  in  the  welding  of 
St.  3  steel  with  AMg5V  alloy. 


Pig.  6l.  Distribution  of  iron, 
chromium,  nickel  and  aluminum 
across  the  fusion  zone  of 
aluminized  lKhl8n9T  steel  with 
AMg6  alloy. 


band  (the  gray  background),  and 
then  -  the  seam  metal.  Lighter 
coloring  is  observed  on  the 
seam  in  the  band,  which  with 
respect  to  the  steel,  indicates 
an  increased  content  of  iron 
in  this  region.  At  the  same 
time  sections  of  reduced  iron 
content  (the  darkish  "islets") 
are  evident  in  the  layer.  The 
contrast  of  the  transition  from 
the  steel  to  the  layer  and  from 
the  layer  to  the  seam  with 
sharply  expressed  transition 
boundaries  is  clearly  observed, 
which  indicates  an  uneven 
variation  in  the  concentration 


of  iron  content  in  the  layer. 

The  observed  gray  spots  in  the 
seam  metal  are  sections  with  an  increased  iron  content  as  compared 
with  the  total  iron  content  in  the  seam,  which  is  connected  with 
the  results  of  the  subsequent  (after  aluminizing)  argon-arc  welding. 


Pig.  62,  Scanogram  of  the  transition  layer  in 
a  lKhl8N9T  steel  and  AMg6  alloy  joint. 


It  follows  from  Pig.  61,  that  3S—  ^3%  iron 
is  contained  in  the  intermetallic  layer  -  on 
the  phase  diagram  respectively  of  the  FeAl^  and 
the  Fe2Alj_  phase  [33,  168], 

To  explain  the  effect  of  magnesium  on  the 
nature  of  the  formation  of  the  transition  zone 
from  aluminum  to  steel  spectral  analyses  were 
conducted  on  the  "Cameca"  device.  In  this  case  lKhl8N9T  stainless 
steel  was  welded  with  special  fused  aluminum  alloys,  containing 
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8?  Mg  (the  sum  of  the  remaining  additives  was  not  more  than 
0.1-0. 2%).  An  analysis  of  the  chemical  composition  of  the  inter- 
metallic  layer  (its  thickness  was  20-25  mm)  showed,  that  the 
iron  content  in  the  layer  fluctuates  within  the  limits  of  21— 2^1 5K 
(Pig.  63).  It  is  characteristic,  that  magnesium  (1-2?)  takes  part 
in  the  formation  of  the  intermetallic  layer.  Apparently,  the 
presence  of  magnesium  atoms  instead  of  aluminum  atoms  in  the 
crystal  lattice  of  one  of  the  phases  causes  the  appearance  of 
weak  bonds,  since  magnesium  is  practically  insoluble  in  iron. 

Thus,  wire  of  AMg6  alloys  should  not  be  employed  as  a  filler. 


5.  The  Effect  of  an 
Intermetallic  Layer  on 
the  Strength  Properties 
of  Steel/Aluminum  Joints 


An  intermetallic  layer  formed  as  the 
result  of  the  reactive  diffusion  of 
aluminum  and  iron  has  increased  hardness 
and  brittleness,  which  negatively  affects 
the  strength  of  the  layer.  However,  the 
strength  of  the  layer  to  a  considerable 
extent  also  depends  on  its  thickness. 

The  processing  of  data  of  numerous 
strength  tests  and  a  comparison  of  these 
data  with  the  microstructure  of  the  transition  layer  made  it 
possible  to  establish,  that  the  strength  of  a  welded  aluminum 
joint  and  of  its  alloys  with  steel  is  higher,  the  smaller  is  the 
thickness  of  the  layer  of  intermetallic  compounds  (Fig. 64).  This 
is  explained  by  the  fact, that  in  a  layer  with  great  thickness 
pores  form  and  considerable  internal  stresses  arise,  sometimes 
leading  to  the  appearance  of  cracks.  The  appearance  of  internal 
stresses  is  due  to  the  fact,  that  the  formation  of  intermetallic 
compounds  of  an  aluminum-iron  system  occurs  with  a  considerable 
increase  in  volume  [210],  thus,  new  layers  of  intermetallides , 


but ion  of  iron  and 
magnesium  across  the 
fusion  zone. 
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forming,  for  example,  during  aluminizing,  exert  pressure  on  the 
formed  layers,  which  are  in  the  solid  state,  which  leads  to  the 
appearance  of  stresses  and  cracks  in  the  layer. 

To  determine  the  actual 
site  of  the  failure  of  a  steel/ 
aluminum  joint  (St.  3-AMg6  and 
St.  !Khl8N9T-AMg6)  experiments 
were  conducted,  in  which  the 
specimen  was  not  subjected  to 
failure  during  tensile  testing, 
and  the  load  was  reduced  after 
the  appearance  of  the  first 
crack.  A  section  was  prepared 
from  the  specimen.  An  investi¬ 
gation  of  it  showed,  that  the  failure  of  the  joint  with  a  developed 
width  of  intermetallic  layer  always  occurs  not  in  the  aluminum, 
but  in  the  layer  of  the  intermetallic  compound  (Pig.  65).  Its 
thickness  can  be  as  much  as  20  ym.  An  analogous  phenomenon  is 
also  observed  in  producing  joints  by  brazing,  for  example,  in 
welding  lKhl8N9T  steel  with  AMg6  alloy  (in  this  case  the  thickness 
of  the  thin  intermetallic  layers  is  as  much  as  2-3  ym) .  The  nature 
of  the  failure  was  studied  on  a  MKU-1  cinemicrographic  device  on 
specimens  of  special  design.  It  was  established,  that  in  this 
case  the  crack  forms  initially  in  the  layer  of  the  intermetallic 
phase,  and  then,  developing,  frequently  extends  to  the  adjacent 
boundary  where  the  layer  comes  into  contact  with  the  steel  and 
the  aluminum  (Fig.  66). 

In  conducting  investigations  on  an  IMASh-5  device  it  was 
ascertained,  that  isothermic  exposure  at  500°C  for  a  period  of  5  h 
causes  layer  separation  in  the  contact  zone  of  bimetallic  samples, 
for  example,  of  an  AMg6-St .  3  combination.  With  a  subsequent 
increase  in  exposure  the  process  of  layer  separation  progresses. 
Apparently,  this  is  corrected  with  the  sharper  difference  in  the 
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Fig.  64.  The  dependence  of  the 
strength  of  a  steel/alumlnum 
joint  on  the  thickness  of  the 
intermetallic  intermediate 
layer  6. 
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Fig.  65.  A  crack  along  an  intermetallic 
layer  (the  thickness  of  the  layer  is  20 
Mm;  thermal  pickling  -  is  at  300° ,  for 
5  s). 


coefficient  of  linear 
expansion  of  the  component 
parts  of  the  bimetal,  than 
in  the  St.  !Khl8N9T-AMg6 
alloy  joint.  The  difference 
in  the  coefficients  of  linear 
expansion  of  metals  being 
welded  plays  a  large  role  in 
the  premature  failures  of 
joints  involving  heterogeneous 
metals.  Assumptions  have 
been  made  [48],  that  the 


Failed  specimen  of 


aluminum-steel  bimetal.  difference  in  the  coefficients 

of  linear  expansion  of 

rietals  being  welded  should  facilitate  the  development  in  the  fusion 
zone  of  the  crystallizing  phase  and  the  accumulation  of  submicro- 
scopic  defects  of  the  vacancy  and  dislocation  type. 


Thus,  the  experiments  confirmed,  that  the  most  dangerous  site 
In  a  welded  steel/aluminum  joint  is  the  layer  of  the  intermetallic 
phase.  Thus,  a  decrease  in  the  thickness  of  the  intermetallic 
layer  or  its  total  removal,  and  also  a  reduction  in  its  hardness 
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and  brittleness  should  increase  the  strength  properties  of  a  welded 
j  oint . 

As  was  indicated  at  the  beginning  of  this  chapter,  the  alloying 
of  welding  wire  causes  a  variation  in  the  thickness  of  the  inter- 
metallic  layer  and  its  microhardness .  The  strength  properties  of 
steel/aluminum  joints  also  change  simultaneously  with  this. 

Graphs  have  been  plotted  (Fig.  67)  on  the  basis  of  the  data 
of  mechanical  tests.  The  strength  of  a  steel/aluminum  joint 
(St.  3-AMg5V  alloy)  with  the  employment  of  wire  containing  silicon, 
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can  be  as  high  as  22-29  daN/mm  .  Butt  specimens  of  the  indicated 

combination,  as  a  rule,  fail  along  the  seam  [138].  The  strength 

of  a  joint,  made  with  wire  containing  copper,  can  be  as  high  as 

18-25  daN/mm  .  The  strength  of  a  welded  joint,  made  with  welding 

wire  containing  zinc,  at  first  sharply  increases,  attaining  a 

2 

maximum  value  of  27-3*1  daN/mm  with  a  zinc  content  of  about  7%, 

and  then  decreases  and  with  a  zinc  content  of  12-15%  can  be  as 

2 

high  as  5-7  daN/mm  ,  which  agrees  with  the  data  on  zinc-galvanizing 
[157].  The  introduction  of  nickel  in  an  amount  of  up  to  2%,  as 
was  noted,  did  not  affect  the  variation  in  the  thickness  of  the 
intermetallic  layer  and  practically  did  not  change  the  strength 
of  the  steel/aluminum  joint.  Beryllium  only  insignificantly 
increased  the  strength  of  a  joint  with  its  addition  to  the  wire 
in  an  amount  of  up  to  1!?  (Fig.  68a).  The  addition  of  rare-earth 
elements  (mischmetal)  to  welding  wire  in  amounts  of  more  than  0.*J$ 
caused  a  drop  in  strength . 
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and  brittleness  should  increase  the  strength  properties  of  a  welded 
joint . 

As  was  indicated  at  the  beginning  of  this  chapter,  the  alloying 
of  welding  wire  causes  a  variation  in  the  thickness  of  the  inter- 
metallic  layer  and  its  microhardness.  The  strength  properties  of 
steel/aluminum  joints  also  change  simultaneously  with  this. 

Graphs  have  been  plotted  (Fig.  67)  on  the  basis  of  the  data 

of  mechanical  tests.  The  strength  of  a  steel/aluminum  joint 

(St.  3-AMg5V  alloy)  with  the  employment  of  wire  containing  silicon, 
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can  be  as  high  as  22-29  daN/mm  .  Butt  specimens  of  the  indicated 

combination,  as  a  rule,  fail  along  the  seam  [13?].  The  strength 

of  a  joint,  made  with  wire  containing  copper,  can  be  as  high  as 

18-25  daN/mm  .  The  strength  of  a  welded  joint,  made  with  welding 

wire  containing  zinc,  at  first  sharply  increases,  attaining  a 

2 

maximum  value  of  27— 3 ^  daN/mm  with  a  ±nc  content  of  about  7%, 

and  then  decreases  and  with  a  zinc  content  of  12-15%  can  be  as 

2 

high  as  5-7  daN/mm  ,  which  agrees  with  the  data  on  zinc-galvanizing 
[157].  The  introduction  of  nickel  in  an  amount  of  up  to  2%,  as 
was  noted,  did  not  affect  the  variation  in  the  thickness  of  the 
intermetallic  layer  and  practically  did  not  change  the  strength 
of  the  steel/aluminum  joint.  Beryllium  only  insignificantly 
increased  the  strength  of  a  joint  with  its  addition  to  the  wire 
in  an  amount  of  up  to  1%  (Fig.  68a).  The  addition  of  rare-earth 
elements  (mischmetal)  to  welding  wire  in  amounts  of  more  than  0.4# 
caused  a  drop  in  strength. 
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CHAPTER  V 

DEVELOPMENT  OF  THE  TECHNOLOGY  FOR  WELDING 
ALUMINUM  AND  ITS  ALLOYS  TO  STEELS 

The  technology  for  .joining  the  two  steels  St.  3  and  Khl8N9T 
to  aluminum  alloys  differs  in  principle:  preliminary  galvanizing 
of  the  steel  surface  is  applied  when  joining  steel  St.  3  with  the 
indicated  alloys,  and  argon-arc  welding  is  carried  out  either  with 
an  aluminum-wire  filler  or  with  filling  by  special  wires  containing 
alloying  additives.  To  joint  stainless  steel  with  the  alloys  the 
steel  is  first  ealorized  with  aluminum  AV000  with  subsequent  welding 
with  standard  welding  wires.  In  both  cases  it  is  necessary  to 
solve  these  problems:  selection  of  the  rational  technology  for 
applying  the  coating  on  the  steel  surface  and  proper  selection  of 
filler  materials,  and  the  problem  of  determining  the  effect  of 
grooving,  the  sequence  and  conditions  for  manual  and  automatic 
welding,  and  the  strength  properties  of  the  joint. 

1.  Welding  Low-Carbon  St.  3  Steel 
to  Aluminum  Alloys 

Welding  of  low-carbon  steel  St.  3  to  the  alloys  AMts,  AMg3, 
AMg5V,  and  AMg6  can  be  done  in  thi  ee  ways:  a)  welding  zinc-coated 
steel  St.  3  to  aluminum  alloys  with  type  ADI  aluminum  used  as  the 
filler  metal;  b)  welding  aluminum  alloys  to  steel  St.  3  which  has 
a  galvanic  coating,  also  using  aluminum  ADI  as  the  filler  metal; 
c)  welding  zinc-coated  steel  St.  3  to  aluminum  alloys  with  alloyed 
welding  wires  used  as  the  filler  metal. 
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We  will  examine  each  procedure. 


Welding  of  Zinc-Coated  Steel 

G.  A.  Bel'chuk  [16],  D.  R.  Andrews  [183,  184],  and  other 
investigators  [9,  122,  212]  have  carried  out  major  work  on  using 
a  zinc  coating  on  steel  and  its  subsequent  welding  to  aluminum. 

Investigation  of  the  process  of  argon-arc  welding  of  AO  and  A1 
aluminum  and  the  alloys  AMbs,  AMg3,  AMg5V,  and  AMg6  to  steel  St.  3 
was  carried  out  with  a  metal  thickness  of  2-4  mm.  It  was  established 
experimentally  that  a  zinc  layer  up  to  30-40  ym  thick  is  adequate  for 
both  types  of  zinc  plating  (Fig.  69). 


Fig.  69.  Strength  of 
a  joint  between  St.  3 
and  aluminum  A1  as  a 
function  of  the  thick¬ 
ness  of  the  zinc 
coating . 


During  study  of  the  microstructure  of  the  transition  layer 
it  was  established  that  there  is  a  transition  layer  15-20  pm  thick 
between  the  surfaces  of  the  steel  and  the  aluminum;  in  certain 
points  there  is  local  thickening  up  to  40-60  pm.  The  hardness  of 
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the  layer  comprises  1040,  960  daN/mm  .  A  sharp  transition  is 
observed  from  the  steel  to  the  layer  -  a  hardness  jump;  the 
transition  from  the  layer  to  the  aluminum  is  smoother.  A  charac¬ 
teristic  of  such  a  joint  is  the  fact  that  the  aluminum  contains  no 
needles  of  intermetallic  phases,  such  as  are  observed  during  buildup 
of  aluminum  on  steel.  The  transition  layer  is  porous  -  has  porous 
areas  -  which  confirms  the  data  obtained  by  E.  Gebhardt  and 
W.  Obrowski,  as  well  as  others  [195-197],  with  analogous  interaction. 
There  is  a  layer  which  is  nonuniform  in  thickness  and  which  is 
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discontinuous.  The  thickness  of  the  layer  varies  within  the  limits 
20-50  ym.  Layer  micrchardness  comprises  775,  850,  9 6 0  daN/mm  ; 
the  hardness  of  the  steel  is  18^-19^  daN/mm^  and  that  of  aluminum, 
88-96  daN/mm^. 

For  the  most  part  the  evaluation  of  mechanical  properties  has 
been  carried  out  with  respect  to  tensile  strength,  relative 
elongation,  and  results  from  static  bend  tests.  A.  standard  bending 
test  for  such  Joints  is  somewhat  tentative,  since  bending  occurs 
along  the  aluminum  portion  of  the  specimens.  During  tensile 
testing  of  specimens  the  load  at  destruction  corresponding  to  a 
certain  weld  cross  section  was  determined.  A  weld  between  aluminum 
and  steel,  together  with  bilateral  reinforcement,  comprised  an 
effective  zone  of  joining.  Relative  elongation  was  measured  with 
respect  to  the  aluminum  portion  of  the  specimen. 

Since  scattering  of  values  is  observed  during  the  tests, 
no  less  than  six  measurements  were  carried  out  to  construct  a 
single  point  on  the  curve. 

Table  19  presents  characteristic  results  of  mechanical  testing 
of  butt-joined  specimens  without  removal  of  reinforcement  of  steel 
St.  3  welded  to  the  alloys  AMg3M  and  AMg5V.  Analyzing  the  results 
presented  in  Table  19,  we  can  note  that  welding  of  low-carbon  steel 
St.  3  with  a  galvanized  zinc  coating  gives  satisfactory  strength 
indices  when  ADI  wire  is  used  as  the  filler  material.  However,  the 
stability  of  the  results  is  low;  besides  this,  the  joint  is 
destroyed  (in  this  case  along  the  weld).  Application  of  standard 
wires  containing  magnesium  (AMg5V,  AMg6)  does  not  ensure  high  joint 
quality:  destruction  occurs,  as  a  rule,  along  the  coating. 
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Table  19*  Results  of  mechanical  tests  of  butt-welded  specimens. 


Combination  of 
welded  materials 

Load  at 
destruc¬ 
tion,  N 

Ultimate 
strength , 

daN/mm2 

Bend 
angle , 
deg 

Nature  of 
joint 

destruction 

Alloy  AMg3M-St.  3 

830-1170 

11.1-15.0 

15-15 

Failure  along 

with  a  galvanized 
zinc  coating  30-40 
pm  thick. 

Filler  ADI. 

1005 

12.2 

12 

the  weld;  in  one 
case  along  the 
coating 

Alloy  AMg3M-St.  3 

300-1315 

3.5-16. 2 

10-12 

Failure  along 

with  a  galvanized 
zinc  coating  30-40 
ym  thick 

Filler  AMts 

“TUB 

10.0 

10.6 

coating  and 
weld 

Alloy  AMg3M-St.  3 

175-550 

2. 3-5. 9 

0-5 

Failure  predom- 

with  a  30-40  urn 
galvanized  zinc 
coating. 

Experimental  filler 
wire . 

370 

4.4 

T?\ 

inantly  along 
the  coating 

Alloy  AMg3M-St.  3 

740-3  015 

14.0-20.7 

20-38 

Failure  along 

with  4  ym  galvanized 
coating  and  30  ym 
zinc  coating. 

Filler  wire  ADI. 

830~ 

19.2 

25 

the  base  metal 
AMg3M  and  along 
the  near-weld 

zone 

Alloy  AMg3M-St.  3 

660-880 

16.7-17.7 

20-32 

Failure  along 

with  a  12  ym 
galvanized  nickel 
coating  and  30  ym 
zinc  coating. 

Filler  ADI 

752 

17.3 

26 

the  aluminum- 
alloy  base  metal 
and  over  the 
coatings 

Alloy  AMg6-St .  3 

390-580 

4.5-6. 3 

0-5 

Failure  along 

with  a  6  ym 
galvanic  copper 
coating  and  a  30  ym 
zinc  coating. 

Filler  -  AMg6 

~TSo 

5.3 

277T 

the  coating 

Alloy  AMg3M-St.  3 
with  a  30  ym 
galvanized  zinc 
coating. 

Experimental 
filler  wire. 

845-1550 

1140 

9.0-15.3 

12.2 

Failure  along 
the  coating. 

In  two  cases 
failure  along 
the  weld  and 
the  coating. 
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Experiments  carried  out  in  welding  of  steel  St.  3  covered  with 
a  layer  of  zinc  up  to  30  pm  thick  to  AO  and  A1  aluminum  (using 
fillers  ADI,  AKcs,  AMg5V)  showed  that  pure  aluminum  welds  well  to 
steel  covered  with  zinc  -  with  both  galvanic  and  hot-immersion 
coatings.  The  obtained  data  coincide  with  the  conclusions  in  works 
[15,  221].  During  bend  tests  of  both  double  and  single  welds  of 
such  joints  a  bend  angle  up  to  j_60u  is  obtained.  Bend  testing  of 
such  joints  is  somewhat  tentative,  since  bending  occurs  along  the 
aluminum  portion  of  the  specimens.  During  bend  testing  of  specimens 
with  longitudinal  arrangement  of  the  welds  the  magnitude  of  bend 
angle  does  not  exceed  10-25°. 

Tensile  tests  showed  good  adhesion  of  filler  metal  to  the 
steel  base  and  substantial  magnitudes  of  destructive  forces.  A 
brittle  layer  is  also  formed  in  this  case. 

Experiments  established  that  in 

order  to  obtain  a  layer  of  minimum 

thickness  it  is  necessary  to  increase 

the  welding  speed.  Figure  70  shows 

curves  of  layer  thickness  as  a  function 

of  the  speed  of  manual  argon-arc  welding. 

The  application  of  very  high  welding 

speeds  is  hampered  due  to  incomplete 

fusion  and  other  defects.  Tests  of 

welded  joints  made  at  the  optimum  speed 

(about  12  m/h)  showed  satisfactory 

adhesion  of  filler  metal  to  the  steel  base.  The  strength  of  such 

2 

Joints  is  comparatively  small  -  around  9-10  daN/mm  ;  the  bend  angle 
is  substantial  (along  the  aluminum  portion  of  the  specimen). 

In  the  majority  of  tensile  test  cases  the  specimens  failed 
brittlely  over  the  zinc  coating;  pores  are  frequently  observed  in 
the  fracture  (Fig.  71) •  It  follows  from  the  figure  that  the 
strength  of  a  joint  in  this  case  Is  determined  by  the  strength  and 


Fig.  70.  Thickness  of 
the  intermetallic  layer 
as  a  function  of  weld¬ 
ing  speed. 
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quality  of  the  joining  zinc  interlayer:  on  the  majority  of 
specimens  a  characteristic  "parting  line”  is  visible  over  the 
point  of  joining.  The  given  data  indicate  that  the  application  of 
only  a  single  zinc  coating  is  inadequate  to  increase  the  strength 
of  the  welded  joint. 


Fig.  71*  Fracture  specimens  of  hot- 
zinc-coated  steel  St.  3  welded  to 
alloy  AMts. 


Vfelding  to  Steel  with  Complex  Coatings 

Studies  were  also  made  of  joints  between  the  aluminum  alloys 
AMts,  AMg3,  AMg5V,  and  AMg6  with  steel  St.  3  with  various  combined 
coatings.  The  joints  were  made  by  argon-arc  welding.  The  thickness 
of  the  tested  material  was  2-*)  mm.  Tests  were  made  of  welding  the 
indicated  alloys  to  steel  with  galvanized  coatings  of  copper,  nickel, 
lead,  tin,  brass,  and  also  magnesium  and  aluminum;  these  coatings 
were  obtained  by  hot  immersion  [121,  122,  IBS].  Also  tested  were 
specimens  with  combined  nickel-copper-zinc,  copper-zinc,  nickel- 
zinc,  silver-zinc,  and  brass-zinc  galvanized  coatings.  Aluminum 
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coated  with  chromium  and  nickel  was  also  tested;  such  specimens 
were  then  welded  to  steel.  The  preliminary  experiments  did  not 
give  positive  results. 

When  combined  coatings  are  used  (combination  of  stable  and 
unstable  [coating])  the  following  is  assumed:  owing  to  the  fact 
that  the  melting  temperature  jf  the  aluminum  welding  rod  is  higher 
than  the  melting  temperature  of  the  zinc  coating,  during  welding 
the  layers  of  zinc  are  substantially  overheated  and  float  upward, 
protecting  the  molten  metal  from  oxidation.  Aluminum  interacts 
with  the  layer  of  silver  underneath  the  zinc,  or  with  copper  or 
some  other  sublayer,  partially  dissolving  it.  Thanks  to  this  good 
contact  of  the  aluminum  or  its  alloy  and  the  sublayer  is  achieved. 


Coating  thickness  was  varied  within  the  limits  3-50  ym  for 
galvanized  coatings  and  up  to  100-120  ym  for  coatings  obtained 
by  hot  dipping.  Results  of  preliminary  experiments  indicated  that 
the  formation  of  a  joint  on  the  indicated  types  of  coatings  is 
possible  at  certain  thicknesses  of  them;  however,  except  for  zinc, 
tin,  and  silver  the  strength  properties  of  the  joints  are  extremely 
low,  since  a  brittle  layer  containing  intermetallic  compounds  is 
also  formed  in  this  case. 


Thickness  of  Ag 
sublayer,  ym 


Fig.  72.  Strength  of  a 
joint  between  alloy 
AMg3M  and  steel  St.  3 
with  a  combined  silver- 
zinc  coating  as  a 
function  of  the  layer 
of  silver. 


Application  of  a  combined  silver-zinc  coating  facilitated  an 

Increase  in  the  strength  of  a  joint  between  aluminum  and  steel; 

2 

however,  the  high  strength  indices  (15-18  daN/mm  )  will  obtain  only 
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with  a  thickness  6  of  the  silver  sublayer  equal  to  50  pm  (Fig.  72); 
this  makes  the  application  of  a  coating  of  this  type  in  the 
production  of  large  parts  or  units  economically  unfeasible. 

The  application  of  a  combined  copper-zinc  coating  yielded 
satisfactory  strength  indices  (Table  20). 


Table  20.  Results  of  mechanical  tests  of  butt-welded  specimens 
(the  steel  has  a  galvanized  coating). 


Type  of 
coating 

Coating 
thick¬ 
ness,  pm 

2 

a0,  daN/mm 

Bend 
angle , 
deg 

Type  of 
failure 

Silver 

30-50 

18.4-6.7 

11.2 

15-45 

Failure  along 
the  coating 

Zinc 

30-40 

15.0-11.1 

12.5 

12-18 

Failure  along 
the  weld  and 
the  coating 

Combined: 
first  layer 
copper  and 
second,  zinc 

2-6 

30-40 

20.7-14.6 

18'.  7 

12-22 

Failure  over 
the  base  metal, 
weld,  and 
coating 

Zinc* 

40-60 

15.6-10.2 

13.2 

20-25 

Failure  along 
the  weld 

Brass 

To  20 

15.3-9.0 

12.7 

10-25 

Failure  along 
the  base  metal, 
weld,  and 
coating 

Combined : 
first  layer 
nickel  and 
second,  zinc 

2-6 

30-40 

19.7-21.3 

19.2 

15-38 

*Coating  applied  by  hot  dipping. 
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As  has  been  indicated,  it  was  established  experimentally  that 
with  subsequent  zinc  coating  a  layer  of  zinc  up  to  30-40  ym  in 
thickness  is  sufficient. 


Pyrophosphate  baths,  whose  composition  is  indicated  in  work 
[122],  were  used  for  direct  application  of  a  copper  coating  to  steel 
St.  3- 


Before  welding  them  to  steel,  specimens  of  alloys  of  the  type 
AMg,  AMts,  and  others  must  be  extremely  well  etched.  Specimens 
were  etched  in  15-20$  solution  of  NaOH  or  KOH,  washed  off, 
passivated  with  20$  HNO^,  and  then  washed  and  dried. 


Fig.  73*  Mutual  arrangement 
of  the  electrode  and  the 
filler  metal  when  making  a 
steel/aluminum  joint: 

1  -  steel  specimen;  2  -  filler 
wire;  3  -  tungsten  electrode; 

4  -  specimen  of  aluminum  alloy. 


The  specimens  were  welded  on  a  standard  UDAR-300-1  installation 
at  a  current  of  80-120  A  and  an  argon  flow  rate  of  6-8  1/ min.  The 
diameter  of  the  tungsten  electrode  was  3  mm  and  the  tentative  speed 
for  manual  welding  was  12  m/h.  As  a  rule,  a  welding  rod  3  mm  in 
diameter  was  used.  During  the  production  of  steel/aluminum  butt 
and  lap  joints  it  is  necessary  to  guide  the  arc  exactly  during  the 
entire  welding  process  along  the  edge  of  the  aluminum  sheet, 
approximately  1-2  mm  from  the  line  of  the  joint,  to  avoid  letting 
the  arc  hit  the  coating  and  burn  it  (Fig.  73).  During  slow 
accomplishment  of  double  welding  the  coating  on  the  opposite  side 
can  also  be  burned  and  the  ability  of  metal  to  spread  over  it  can 
be  sharply  impaired;  as  a  result  of  this  such  joints  have  low 
strength  indices.  Filler  wire  is  supplied  either  along  the  joining 
line  or  shifted  a  little  toward  the  pool.  Thanks  to  the  presence 
of  a  coating  on  the  steel  the  molten  filler  metal  is  easily  spread 
over  this  steel. 
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Comparative  results  from  testing  specimens  with  different 
thicknesses  of  the  copper  sublayer  showed  that  the  optimum  thickness 
for  the  copper  sublayer  is  4-6  ym  (Pig.  74). 


Fig.  74.  Strength  of  a  butt 
weld  between  alloy  AMg3M  and 
steel  St.  3  as  a  function  of 
magnitude  6  of  a  layer  of 
copper  and  of  nickel. 


The  layer,  which  plays  the  role  of  a  brazing  metal,  does  net 
have  sharply  marked  boundaries;  diffusion  of  this  layer  into  the 
aluminum  portion  of  the  spectrum  is  observed,  and  in  certain 
sections  the  continuity  of  the  layer  is  disturbed.  The  presence 
of  "naked"  segments  can  lead  to  the  appearance  of  random  crushed 
zones  of  intermetallic  phases;  however,  in  this  form  the  latter 
have  no  influence  on  the  strength  of  the  joint. 


Preliminary  experiments  in  applying  a  thin  sublayer  of  brass 
(about  3  ym)  on  steel  with  subsequent  zinc  coating  also  gave 
positive  results. 
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Results  of  mechanical  tests  of  butt-welded  specimens  of  steel 
St.  3  (without  removal  of  the  reinforcement)  on  alloy  AMg3M  are 
given  in  Table  20. 

Application  of  a  combined  nicke?.-zinc  coating  with  a  nickel 
sublayer  thickness  of  2-6  urn  gave  stable  high  strength  indices. 

First  this  was  checked  on  thicK  layers  (up  to  50  pm) ,  but  the 
smaller  thickness  of  the  sublayer  turned  out  to  be  adequate. 

Before  electrolytic  nickel-plating  the  steel  specimens  were  subjected 
to  standard  treatment.  With  welding  of  steel  St.  3  with  such  a 
coating  to  the  alloy  AMg3M  the  specimens  were  destroyed  during 
tensile  testing,  as  a  rule,  along  the  base  metal  of  the  aluminum 
alloy  (Fig.  75). 


Fig.  75-  Fracture  specimens  of  steel 
St.  3  with  combined  galvanized  coating 
of  nickel  (6  pm)  and  zinc  (30  pm), 
welded  to  the  alloy  AMg3M. 
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Results  of  tensile  testing  of  specimens  of  alloy  AMg3  welded 
to  steel  St.  3  with  a  nickel-zinc  coating  are  given  in  Table  20. 

Analysis  of  the  microstructure  of  the  transition  layer  in 
specimens  fractured  along  the  base  metal  showed  that  in  this  case 
a  layer  averaging  2-3  urn  wide  of  very  uniform  thickness  is  located 
between  the  joined  metals. 

Data  from  mechanical  tests  show  that  the  application  of  a 
galvanized  coating  on  steel  St.  3  can  ensure  high  destructuve 
forces . 

On  combined  welded  joints  of  steel  St.  3  with  copper-zinc 

coatings  and  alloys  AMg3M  and  AMg6l  an  increase  in  strength  is 

observed  as  compared  with  the  same  specimens  with  a  simple  zinc 

coating.  The  maximum  value  of  ultimate  strength  of  combined  welded 

joints  was  obtained  when  a  nickel-zinc  coating  was  applied  to  the 

2 

steel  (strength  20-22  daN/mm  ). 

During  bend  tests  of  selected  specimens  bend-angle  values 
within  the  limits  15-38°  were  obtained  (thickness  of  aluminum  alloy 
layer  4  mm,  bending  along  the  transition  zone  of  the  aluminum-alloy 
base  metal  with  a  base-metal  thickness  of  2  mm) . 

Welding  of  Zinc-Coated  Steel  by  Means 
of  Alloyed  Welding  Wire 

To  obtain  stable  and  comparable  results,  we  carried  out  argon- 
arc  welding  with  a  nonconsumable  tungsten  electrode  on  an  ADSV-2 
automatic  welder. 

The  surface  of  steel  specimens  (edge  30  mm  in  width)  was 
coated  galvanically  with  a  35-40  pm  layer  of  zinc.  Both  standard 
wires  and  experimental  types  were  used  as  fillers.  Initially 
experiments  were  carried  out  on  specimens  without  grooving  of  the 
edges.  Welding  of  steel  St.  3  to  alloy  AMts  using  wires  of  types 
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ADI,  AMts ,  and  AK  yielded  ultimate  strength  equal  to  that  of  the 

p 

aluminum-maganese  alloy  AMts,  i.e.,  a  =  12-1*)  daN/mm  .  However, 
the  results  of  mechanical  tests  were  unstable. 

Study  of  the  nature  of  destruction  of  numerous  specimens 
during  tensile  testing,  along  with  study  of  macro-  and  microstructures 
of  ohe  welds  showed  that  failure  (she  appearance  of  tears  and  cracks) 
began  as  a  rule  on  the  face  side  of  the  steel  plate.  Pores,  oxide 
scales  and  incomplete  fusion  of  the  aluminum  edge  were  observed  on 
the  fracture  surfaces. 

Since  the  strength  of  steel/aluminum  joints  made  ever  coatings 
depends  on  the  value  of  surfaces  in  contact,  tests  were  made  of 
various  types  of  edge  dressing:  complete  absence  of  a  face  segment 
on  tile  steel,  U-shaped  dressing,  and  dressing  with  1-2  mm  shoulders. 
Results  of  mechanical  tests  carried  out  on  specimens  made  by 
automatic  argon-arc  welding  from  both  sides  indicated  that  use  of 
edges  of  type  a  (Fig.  76)  ensures  an  increase  in  strength  in  the 
joint  by  approximately  25$.  Optimum  value  of  the  edge  dressing 
angle  on  the  steel  plate  is  70-75°. 


Fig.  76.  Strength  of  a  welded  steel/ 
aluminum  joint  as  a  function  of  the 
type  of  edge  dressing  on  the  steel 
plate  (of  edge  bevel  angle  a  ana 
shouldering  of  the  edge,  A). 
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Table  21.  Conditions  of  automatic  argon-arc  welding  of  combined 
joints . 


Welded 

metals 


Thickness,  mm 


steel  alumi¬ 
num 
alloy 


AMts-St. 3 
AMg5V-St . 3 
AMg5V-St.3 
AMg5V-St . 3 
AKg5V-St . 3 
AMg6-St . 3 


Rod 

diame- 

I  , 

CB  * 

A 

v  , 

m/h 

v  , 
n.  a  ’ 

ter,  mm 

1st 

bead 

2 

160-180 

6 

72 

2.5 

160-180 

7.2 

61 

2 

150-170 

7.2 

68 

2.5 

160-180 

8.2 

72 

2.5 

180-200 

7-2 

72 

2.5 

200-220 

5.4 

30 

2nd 

bead 


Table  22.  Results  of  mechanical  tests  of  combined  specimens. 


a  ,  daN/mm£ 


11.1-11.5 


11.3 

20.1-23.3 


23.7 

25-29-5 


25.9 

22.3-30.9 


29-3 

19.4-23.3 


21.0 

20.7-32 


22.9 

21.3-27.1 


Welded  metals 

Thlcxness,  mm 

Type  and 
diameter 
of  wire ,  mm 

AMts-St.  3 

4 

AMts;  0  2 

AMg5V-St .  3 

4 

Wire  No.  1;  0  2 

AMg5V-St.  3 

4 

Wire  No.  2;  0  2 

AMg5V-St.  3 

4 

Wire  No.  3;  0  2 

AMg5V-St.  3 

4 

Wire  No.  4;  0  2 

AMg5V-St.  3 

4 

Wire  No.  5;  0  2 

AMg5V-steel 

28Kh3SNVFA 

6 

Wire  AK;  0  2.5 

AMg6-St.  3 

6 

Wire  AK;  0  2.5 

Ahg5V-St.  3 

4 

Wire  AK;  0  2 

16  4 


The  optimum  automatic  argon-arc  welding  conditions  which  we 
found  for  various  combinations  of  steel  St.  3  with  aluminum  alloys 
are  shown  in  Table  21. 

During  welding  of  double  welds  the  second  one  should  be  made 
after  the  first  has  frozen  completely  (the  first  being  located  on 
the  opposite  side). 

The  results  from  mechanical  tests  of  steel/aluminum  specimens 
made  by  automatic  argon-arc  welding  (Table  22)  show  that  the 

2 

strength  of  the  welded  joint  in  this  case  reaches  25-29  daN/mm  . 
Table  15  gives  the  composition  of  the  wires. 

2.  Welding  of  Stainless  Steel  lKhl8N9T 
to  Aluminum  Alloys 

Direct  joining  (welding)  of  aluminum  to  stainless  steel, 
just  as  in  the  case  of  welding  aluminum  to  low-carbon  steel,  does 
not  lead  to  positive  results,  although  the  nature  of  interaction 
in  the  first  case  is  different  and  depends  on  the  allotropic  form 
of  the  steel  [26,  35,  38,  39,  43]. 

On  the  first  stage  of  the  work  a  study  was  made  of  joining 
steel  lKhl8N9T  to  aluminum  and  aluminum  alloys  with  galvanized 
coatings  of  nickel,  and  also  with  a  number  of  combined  coatings  - 
nickel-copper-silver,  nlckel-copper-tin,  and  nickel-zinc.  These 
types  of  coatings  did  not  give  positive  results  owing  to  poor 
wettability  (nickel),  burning  of  the  coating  and  the  formation  of 
cracks  in  the  build-up  metal  (nickel-copper-silver),  the  formation 
of  cracks,  and  the  complexity  of  correcting  defects  in  the  welded 
joint  (nickel-copper-tin).  Significantly  better  results  were 
obtained  by  using  a  nickel-zinc  coating  [19].  Here  the  combination 
of  a  stable  (nickel)  and  unstable  (zinc)  coating  ensures  obtaining 
a  reliable  bond.  The  quality  of  such  a  joint  depends  significantly 
on  care  in  applying  the  nickel  plating. 
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The  following  procedure  was  used  to  prepare  the  stainless  steel 
for  welding  to  aluminum  alloys:  degreasing,  washing  in  water, 
etching  in  hydrochloric  acid,  nickel-coating,  copper-coating,  zinc¬ 
coating,  drying,  calorization,  and  checking  the  quality  of  the 
coating. 

Conditions  for  applying  the  galvanized  coatings  and  also 
particular  features  of  these  processes  are  outlined  in  work  [ 37 D  - 

Accumulated  experience  in  applying  coatings  on  stainless  steels 
allows  us  to  assert  that  the  most  laborious  and  critical  operation 
is  calorization.  The  quality  of  an  applied  aluminum  layer  is 
the  major  factor  determining  the  quality  of  the  welded  joint. 

To  obtain  a  high-quality  coating  by  a  layer  of  aluminum 
(or  the  alloy  AMts)  on  the  surface  of  stainless  steel  it  was 
necessary  to  select  the  material  of  the  crucible,  to  choose  the 
protective  atmosphere  during  calorization,  and  to  ensure  proper 
cleaning  of  the  surface  of  the  specimens,  to  create  the  necessary 
apparatus  for  calorization,  and  to  develop  the  technology  and 
optimum  conditions  of  calorization.  Fiom  a  number  of  materials 
tested  (stainless  steel  lKhl8N9T,  grey  cast  iron,  graphite-carbon 
electrodes)  it  was  found  that  crucibles  manufactured  from  grey  cast 
iron  gave  satisfactory  stability.  However,  cast-iron  crucibles 
are  rapidly  oxidized  at  a  temperature  of  800-840°C  and  become 
coated  with  a  thick  layer  of  scale,  which  disrupts  calorization. 

We  succeeded  in  improving  the  quality  of  the  calorized  surface 
by  carrying  out  the  process  in  vacuum.  For  calorization  in  vacuum 
we  manufactured  a  vacuum  furnace  (Fig.  77)-  The  temperature  in  the 
furnace  was  measured  and  controlled  by  a  type  ERM-^7  electronic 
bridge.  Calorization  of  specimens  in  the  furnace  was  carried  out 
according  to  the  following  cycle:  oil  and  dirt  were  removed  from 
the  aluminum  before  loading  it  into  the  furnace  by  etching  in  an 
alkaline  solution  and  in  nitric  acid. 
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Fig.  77.  Vertical  cross  section 
of  a  vacuum  furnace  for  calorization 
of  stainless  steel:  1  -  thermal 
jacket;  2  -  electrical  coils; 

3  -  crucible;  ^  -  vacuum  cavity  of 
furnace;  5  -  connecting  fitting  for 
monovacuum  gauge;  6  -  fitting  for 
releasing  the  vacuum;  7  -  cavity 
for  cooling  the  sealing  ring; 

8  -  cover  with  flange;  9  -  sealing 
ring;  10  -  fitting  for  attachment 
to  vacuum  pump;  11  -  attachment 
for  loading  specimens  into  the 
furnace;  12  -  seal;  13  -  inspection 
attachment;  1^1  -  attachment  for 
thermocouple . 


After  loading  the  ADI  aluminum,  the  vacuum  pump,  the  furnace 
heater,  and  the  automatic  temperature  regulator  were  switched  on. 
The  working  temperature  in  the  furnace  was  maintained  within  the 
limits  780-820°C.  Evacuation  was  monitored  with  a  VIT-2  vacuum 
gauge.  Upon  achie  ment  of  maximum  vacuum  (0.5-1  mm  Hg)  the 
specimen  was  dipped  into  molten  aluminum  by  means  of  a  special 
attachment. 


To  obtain  a  high-quality  coating  with  aluminum,  a  small 
rotary  motion  should  be  imparted  to  the  specimen;  the  specimen 
should  be  held  in  molten  aluminum  until  it  is  completely  heated 
and  then  should  be  pulled  frcm  the  crucible.  The  duration  of  this 
operation  is  15-30  seconds. 


The  calorized  layer  is  checked  by  inspection,  where  the  coating 
must  completely  cover  a  segment  no  less  than  40  mm  in  width  and  it 
should  not  have  any  bulging  or  contaminated  segments. 


Work  on  testing  standard  fluxes  for  arc  and  gas  welding  of 
aluminum  (fluxes  of  types  AF-^JA,  AN-A1,  etc.),  experimental  fluxes 
based  on  them,  and  also  a  special  flux  for  gas  welding  of  calorized 
steel  to  stainless  steel  [78]  preceded  the  selection  of  the  optimum 
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composition  of  fluxes  for  cleaning  the  surfaces  of  the  metals. 

None  of  these  fluxes  ensured  proper  cleaning,  flowability,  and 
wettability  of  molten  aluminum  over  the  surface  of  steel. 

Tests  were  made  of  a  series  of  fluxes  consisting  of  mechanical 
mixtures  of  chlorine  and  fluorine  salts  of  lithium,  sodium,  and 
potassium.  The  fluxes  were  dissolved  in  water  and  applied  as  a 
thin  layer  on  the  specimens  and  tubes  of  stainless  steel.  Table 
23  gives  the  compositions  of  certain  experimental  fluxes  for 
calorization.  Best  results  were  obtained  when  using  fluxes 
containing  sodium  chloride  and  sodium  fluoride,  lithium  choride 
(variant  1),  and  also  a  flux  containing  65%  AF-4A  flux  (variant  3). 


Table  23.  Composition  of  experimental  fluxes  for  calorization. 


Component 

GOST  or  TU 

Composition 

of  fluxes 

in  variants 

1 

2 

3 

4 

Lithium  chloride 

TUMKhP  No.  ORU 
104.58 

47 

20 

- 

Sodium  chloride 

GOST  153-34 
"Ekstra" 

14 

- 

- 

1J 

Potassium  chloride 

GOST  4568-49 

29 

20 

28 

20 

Sodium  fluoride 

GOST  4463-48 

10 

10 

7 

10 

Flux  AF-4A 

A MTU  219-60 

- 

50 

65 

- 

Flux  34A 

- 

- 

- 

- 

60 

In  the  course  of  the  experiments  it  was  established  that 
preliminary  coating  of  the  steel  surface  with  zinc  before  calorization 
has  a  substantial  influence  on  the  strength  of  the  welded  joint. 

During  studies  of  the  effect  of  the  sublayer  of  zinc,  applied 
electrolytically ,  on  the  quality  of  calorization  and  subsequent 
weldability  of  the  steels  lKhl8N9T'  and  St.  3  to  aluminum  alloys, 
the  surface  of  the  plates  (or  articles)  was  treated  according  to 
the  technology  described  in  work  [371.  A  study  was  made  of  the 
affect  of  a  25  ym  zinc  coating  on  the  quality  of  calorization  and 


168 


the  subsequent  weldability,  using  specimens  3  *  150  x  200  in  size 
made  from  steels  St.  3  and  lKhl8N9T.  The  temperature  during 
calorization  was  780-820°C  and  the  hold  time  was  1.5-2  minutes. 
Calorized  steel  plates  were  subjected  to  the  same  treatment  as 
plates  of  aluminum  alloy  before  welding. 

Calorized  steel  plates  were  butt-welded  to  plates  of  the  same 

dimensions  made  of  aluminum  alloy  AMg6.  Welding  was  carried  out 

on  the  ADSV-2  automatic  welder,  using  as  filler  material  AMts6 

wire  2  mm  in  diameter,  per  STU-5-54  and  with  a  tungsten  electrode 

3  mm  in  diameter,  per  TUVM2-529-57.  Welding  conditions: 

I  .  -  130-150  A;  v  =  4. 6-6. 2  m/h;  v  =  40-62  m/h.  Specimens 

cb  n  p 

for  mechanical  and  vibration  testing  and  cross  sections  for 
metallographic  research  were  made  from  the  welded  plates.  Figure 
78  illustrates  the  results  of  the  mechanical  tests  of  the  specimens. 

* 

JO 

25 

20 
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10 

10  20  30  4 0  50  i0  ?C  30  <1 

a)  b) 

Fig.  78-  Strength  of  the  welded 
joint  between  steel  lKhl8N9T  and 
alloy  AMg6  as  a  function  of  the 
thickness  6  of  the  coating  applied 
on  the  steel:  a)  -  steel  surface 
coated  only  with  a  layer  of  galvanic 
zinc;  b)  -  steel  surface  calorized 
over  a  layer  of  galvanized  zinc. 

When  the  steel  was  galvanically  coated  with  a  40-pm  layer  of 
zinc  with  subsequent  calorization  the  ultimate  strength  comprised 

p 

31.5  daN/mm  (average  from  five  tests)  and  the  bend  angle  was  about 
32°.  If  the  steel  was  degreased  and  etched  according  to  manufacturing 
technology  prior*  to  galvanizing  with  zinc  and  then  calorized  according 
to  the  procedure  described  above,  ultimate  strength  comprised  25*4 
daN/mm  and  the  bend  angle  was  24°. 
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Thus,  results  of  mechanical  tests  showed  that  the  developed 
technology  ensures  obtaining  stable  strength  in  a  steel/aluminum 
joint  between  steel  lKhl8N9T  and  alloy  AMg6,  on  a  par  with  the 
strength  of  a  weld  between  two  pieces  of  AMg6  -  i.e.,  30-32 

O 

daN/mm  (Fig.  79).  The  conducted  investigations  made  it  possible 
to  select  the  technology  for  preparing  the  surface  and  for  welding 
experimental  structui’es  from  steel  lKhl8N9T  and  aluminum  alloys  [124] 


Fig.  79-  Fracture  specimens  of  a  joint  between 
steel  lKhl8N9T  and  alloy  AMg6  (on  the  right) 
(width  of  diffusion  zone  5  ym) . 


3.  Argon-Arc  Welding  of  Tubes  of  Steel 
lKhl8N9T  with  Tubes  Made  from  Alloys 
AMts  and  AMg6 


In  connection  with  production  of  tanks  for  storing  liquefied 
gases,  the  need  arose  to  obtain  strong  and  tight  joints  between 
aluminum  and  aluminum  alloys  and  other  metals.  These  vessels  have 
double  walls,  with  the  space  between  them  being  evacuated.  The  use 


of  vessels  with  vacuum  insulation  permits  a  sharp  reduction  in 
volatility  of  the  gases  and,  consequently,  a  sharp  reduction  in 
losses  both  during  storage  and  during  transportation.  In 
certain  types  the  inner  vessel  is  made  up  of  chrome-nickel  steel 
lKhl8N9T,  and  the  aluminum  alloys  AMg5V  and  AMg6  from  which  the 
outer  shell  is  maae  represent  a  structural  material.  Joining  the 
vessels  requires  Joining  unlike  tubes.  As  a  rule  telescopic 
joints  are  used  to  connect  unlike  tubes  60-70  mm  in  diameter  with 
a  wall  thickness  up  to  5  nun;  the  inner  tube  is  the  steel  one. 

When  nickel-zinc  and  nickel-copper-zinc  coatings  were  used 
with  subsequent  argon-arc  welding  of  telescopic  tube  joints  good 
mechanical  properties  were  obtained  for  such  connections  (des- 
structive  force  2000-4200  daN);  however,  vacuum  testing  (down  to 
10-^  mm  Hg)  in  conditions  of  deep  cold  (to  -196°C)  led  to  failure 
of  some  of  the  specimens.  It  was  found  that  fulfillment  of  all 
the  conditions  of  the  assigned  tasks  -  ensuring  vacuum  tightness 
at  low  temperatures,  elevation  of  mechanical  properties  of  the 
joint,  convenience  in  carrying  out  repair  operations,  etc.  -  is 
possible  by  using  the  technology  of  preliminary  application  of  a 
layer  of  galvanized  combined  nickel-copper-zinc  coatings  on  the 
surface  of  the  stainless  steel  Khl8N10T  with  subsequent  calorization 
of  the  tube  (specimen)  in  a  melt  of  ADI  aluminum.  Argon-arc  welding 
to  an  aluminum  tube  was  carried  out  without  any  complex  technological 
procedures  over  the  calorized  surface  of  the  stainless  steel  tube. 

In  this  case  three  aluminum  alloys  &re  joined  -  the  calorization 
alloy,  the  filler  metal,  and  the  molten  base  metal  AMts. 

Assembly  of  Telescopic  Tube  Joints 

Prior  to  application  of  a  coating  the  tubes  should  freely 
enter  into  one  another;  it  has  been  established  experimentally 
that  the  gap  between  the  tubes  should  not  exceed  0.3  mm. 
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It  is  advisable  not  to  produce  the  telescopic  connections 
during  assembly  (i.e.,  during  manufacture  of  the  basic  tank),  but 
to  make  them  separately  as  composite  tubular  joints  (fittings) 
350-400  mm  in  length  which  are  subsequently  welded  to  the  tank. 
Naturally,  the  length  of  segments  of  steel  and  aluminum  tubes 
should  be  calculated  so  that  during  subsequent  welding  of  the 
obtained  fitting  to  the  appropriate  tubes  strength  properties  and 
vacuum  tightness  will  not  be  lost  at  the  point  where  the  alloy 
AMts  is  joined  to  steel  lKhl8N9T.  Maximum  permissible  heating 
is  no  more  than  300°C.  To  ensure  this  the  weld  between  steel 
lKhl8N9T  and  the  alloy  AMts  should  be  cooled  with  a  water  jacket 
during  welding  of  the  fitting  to  the  base  metal.  As  measurements 
have  indicated,  the  temperature  in  the  joint  does  net  exceed  250°C. 

Argon-arc  welding  of  steel  Khl8N10T  tubes  to  tubes  made  from 
alloy  AMts  up  to  100  m  [sic]  in  diameter  and  with  a  wall  thickness 
up  to  5  mm  was  carried  out  with  a  nonconsumable  tungsten  electrode 
2-3  mm  in  diameter,  using  pure  mark  A  argon  and  ADI  filler  wire 
2-3  mm  in  diameter. 


Fig.  80.  Strength  of  a 
telescoping  joint  between 
tubes  70  mm  in  diameter 
(load  at  destruction  P) 
as  a  function  of  the  width 
of  the  bead  b. 


The  production  of  annular  welds  should  be  continuous  and  should 
be  done  on  a  rotating  attachment.  In  all  cases  when  the  arc  is 
broken  it  is  mandatory  that  welding  be  begun  on  the  aluminum  section 
of  the  tube.  Craters  should  be  carefully  welded  in.  It  has  been 
established  that  the  strength  of  a  telescoping  joint  between  tubes 
depends  essentially  on  the  width  of  the  connecting  bead  (Fig.  80). 
Therefore,  as  a  rule,  welding  should  be  carried  out  in  one-three 
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layers,  where  it  is  recommended  that  the  first  layer  be  made  by 
melting  the  edge  of  the  aluminum  tube  without  the  use  of  filler 
material.  Here  the  arc  is  carefully  drawn  along  at  a  distance  of 
2-3  mm  from  the  face.  Filler  wire  is  used  in  the  following  layers. 


Table  24.  Conditions  for  calorization  of  tubes  of  steel  Khl8N10T. 


Tube  diameter,  mm 

Temperature 
of  melt,  °C 

Hold  time,  s 

35/31 

720-760 

8-10 

50/46 

750-770 

10-12 

63/59 

760-770 

12-15 

108/98 

780-800 

16-20 

Mastery  of  welding  unlike  tubes  110  mm  in  diameter  became 
possible  only  after  the  development  and  refinement  of  procedures 
for  calorizing  tubes  of  steel  lKhl8N9T.  Investigations  indicated 
that  in  order  to  obtain  quality  welds  of  unlike  tubes  a  fairly  short 
hold  time  of  8-20  seconds  during  calorizing  is  sufficient;  in  this 
case  the  temperature  of  the  bath  should  be  determined  by  the  mass 
(diameter)  of  the  steel  tube  to  be  calorized.  Table  24  gives  the 
procedures  developed  for  calorization.  Calorization  of  tubes 
159  mm  in  diameter  showed  that  after  the  application  of  a  two- 
layer  galvanized  Ni-Cu  coating  it  is  necessary  to  increase  the 
hold  time  to  40-60  seconds. 

During  calorization  of  the  large  mass  of  a  cold  tube  in  a 
small  bath,  the  aluminum  is  cooled  and  the  obtained  coating  tends 
to  be  nonuniform;  therefore  it  is  desirable  that  the  diameter  of 
the  bath  be  no  less  than  200  mm  for  tubes  110  mm  in  diameter. 

Besides  this,  for  large-diameter  tubes  it  was  found  to  be  advisable 
to  fit  the  aluminum  tube  tightly  onto  the  steel  tube,  since  the 
presence  of  a  gap  within  limits  of  1  mm  sometimes  caused  annular 
cracks  along  the  welds. 


173 


As  subsequent  tests  indicated,  for  greater  structural  rigidity 
and  better  operation  of  the  unit  under  conditions  of  bending  forces 
and  vibration  it  is  desirable  that  a  lap-welded  joint  be  made  with 
welds  on  both  sides.  A  special  head  [37]  (height  of  operating 
portion  35-38  mm)  was  used  to  accomplish  this;  this  head  made  it 
possible  to  weld  internal  seams  in  tubes  50  mm  in  diameter. 

Quality  of  the  welded  joint  was  checked  by  external  inspection, 
selected  mechanical  tests,  low-temperature  testing  down  to  -196°C, 
and  testing  for  air-tightness  (vacuum  seal) .  Vacuum  tightness  of 
the  welded  unit  was  checked  after  testing  with  a  PTI-6  helium  leak 
detector  at  a  rarefaction  of  0.02-0.001  mm  Kg. 

In  the  course  of  the  work  we  established  the  possibility  of 
correcting  macroleaks  and  vacuum  leaks  by  rewelding  the  defective 
point  on  the  seam  with  the  use  of  filler  wire.  In  this  case  the 
additional  welding  or  overlapping  of  the  seam  with  two-three  beads 
using  filler  material  and  welding  conditions  similar  to  those  used 
for  the  basic  welds  did  not  reduce  the  mechanical  properties  and 
vacuum  tightness  of  the  joint.  Characteristic  test  data  and  also 
welding  conditions  are  given  in  Table  25. 

Figure  8la  shows  welded  joints  between  steel  and  aluminum 
tubes,  while  Fig.  8lb  shows  a  tube  after  tensile  testing.  It  is 
clear  that  destruction  occurred  along  the  AMts  base  metal  far  from 
the  weld.  Specimens  for  tensile  testing  and  for  study  of  micro¬ 
structure  of  the  obtained  joints  were  cut  from  tubes  which  withstood 
vacuum  testing  after  deep  cooling.  The  thickness  of  the  inter- 
metallic  layer  comprises  5-25  ym. 

The  strength  of  flat  specimens  of  steel  Khl8N10T  and  the  alloy 
AMts  2  mm  >.hick  made  by  a  double  weld  is  also  close  to  the  strength 
of  the  AMts  base  metal. 


Table  25.  Characteristic  results  from  tests  of  steel/aluminum  tubes  (alloy  AMts  and 
calorized  steel  lKhl8N9T). 
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A  check  was  made  of  the  possibility  of  using  argon-arc  welding 
to  Join  AMg6  to  lKhl8N9T.  The  investigations  showed  that  in  a 
given  case  the  welded  seam  delaminates  from  the  stainless  tube. 
Application  of  Sv.  AMg6  wire  for  this  purpose  is  undesirable. 
Improved  resuits  were  obtained  with  the  following  welding  sequence: 
preliminary  buildup  of  two  or  three  beads  of  filler  material  ADI 
or  the  wire  whose  composition  is  shown  in  Table  15,  neither 
containing  magnesium,  followed  by  connection  of  the  AMg6  tube  with 
the  built-up  bead  using  AMg6  wire  or  some  other  filler  wire. 
Argon-arc  welding  conditions:  for  70/63  mm  tubes  weeing  current 
90-110  A,  welding  in  three  layers  with  the  first  without  filler; 
for  90/108  mm  tubes  current  120-130  A  and  welding  in  four  layers; 


Fig.  8l.  External  appearance  of  a  welded 
joint  between  steel  and  aluminum  tubes 
(steel  Khl8N10T  and  alloy  AMts)  made  by 
argon-arc  welding  over  a  calorized  layer 
(a);  (b)  shows  the  nature  of  destruction 
of  this  Joint. 
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for  159/170  ram  tubes  current  150-190  A  and  welding  in  four  layers. 
In  all  cases  the  argon  flow  rate  is  8-12  1/ min  and  the  diameter  of 
the  tungsten  electrode  is  3  mm. 


Table  26.  Results  of  checking  the 
strength  of  reducers. 


Tube 

diameter, 

mm 

Rupture  force  at  a 
temperature  of  °C 

+20 

-196 

50/60 

— 

15300 

63/70 

16900 

20100 

90/108 

2*J500 

1*5300 

159/170 

31*100 

— 

The  strength  of  joining  steel/aluminum  reducers  combining 
steel  lKhl8N9T  and  alloy  AMg6  was  checked  at  room  temperature  and 
at  the  temperature  of  liquid  nitrogen  for  tubes  of  different 
diameters.  Strength  values  are  given  In  Table  26. 

Tubes  90/108  mm  in  diameter  showed  the  highest  strength  indices 
at  low  temperature,  with  the  strength  of  the  joints  being  1.6-2  times 
higher  at  this  temperature  than  at  room  temperature. 

Automatic  argon-arc  welding  of  steel  Khl8N9T  to  the  aluminum 
alloys  AMg6  and  AMts  was  carried  out  on  the  A-973  installation, 
manufactured  at  the  Ye.  0.  Paton  Institute  of  Electric  Welding 
(Pig.  82).  The  head  of  the  A-973  installation  operates  on  the 
principle  of  heads  for  automatic  argon-arc  welding  of  aluminum. 
Welding  was  carried  out  on  currents  of  1*10-160  A;  the  diameter  of 
the  tungsten  electrode  is  3  mm,  and  the  filler  wire  has  the  same 
composition  as  the  aluminum  portion  of  the  reducer  -  i.e.,  AMts 
or  AMg6  -  and  is  2  mm  in  diameter. 
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Fig.  82.  Overall  view  of  the  A-973 
installation  for  argon-arc  welding 
of  unlike  tubes. 


Before  welding  to  tubes  of  aluminum  alloys,  tubes  of  steel 
Khl8N9T  were  subjected  to  treatment  under  standard  conditions. 

The  tubes  were  joined  telescopically,  with  the  tube  of  aluminum 
alloy  covering  the  steel  tube.  Welding  was  carried  out  in  one 
pass  and  from  the  outside  only.  A  number  of  steel/aluminum 
reducers  welded  according  to  the  described  technology  were  tested  to 
destruction  at  internal  pressure  up  tc  200  at. 

As  is  evident  from  the  photograph  of  a  failed  reducer  (Fig.  83), 
destruction  occurred  over  the  weakest  cross  section  -  i.e.,  along 
the  weld. 


:  Ifr 

’  H'  B,  : 

Fig.  83.  Failed  tubular  joint  between 
steel  KhlSNIQT  and  the  alloy  AMts , 
produced  by  argon-arc  welding  over  the 
calorized  layer. 
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Reducers  with  Joints  between  AMts  and  lKhl8N9?  and  between 
AMg6  and  lKhl8N9T,  welded  by  the  described  technology,  were  tested 
according  to  the  following  program:  check  of  vacuum  tightness  with 
a  helium  leak  detector;  testing  for  triple  thermal  shock  (cooling 
in  liquid  nitrogen  -196°C,  heating  at  room  temperature);  a  check  cf 
vacuum  tightness  with  a  helium  leak  detector;  tensile  testing 
(under  tension  at  temperatures  of  +20°C  and  -196°C). 

The  tests  results  indicated  that  the  Joints  were  airtight. 
Destructive  loads  at  +20°C  fell  within  the  limits  7250-7400  N; 
at  -196°C  the  values  were  6660-11,850  kg. 

Thus  the  work  gave  the  possibility  cf  mastering  and  introducing 
the  technology  of  argon-arc  welding  of  steel/aluminum  reducers 
20-110  mm  in  diameter. 

Subsequently  the  manufacture  of  reducers  of  steel  lKhl8N9T 
159  mm  in  diameter  with  wall  thickness  of  6  ram  and  alloy  AMts 
170  mm  in  diameter  with  wall  thickness  of  8  mm  was  mastered. 

Optimum  argon-arc  welding  conditions:  welding  current 
strength  160-200  A,  filler  diameter  4  mm,  tungsten  electrode 
diameter  3-4  mm;  first  layer  made  without  filler  and  the  subsequent 
3-5  Layers  with  a  filler  wire. 

After  triple  cooling  in  liquid  nitrogen  and  a  check  of  air- 

tightness  with  the  PTI-6  leak  detector  under  tension  [rarefaction] 

-2 

of  2-10  mm  Hg  no  leaks  were  detected.  Destructive  force  at 
standard  temperature  comprised  approximately  38,000-44,500  kg. 
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4.  Production  Tests  of  Steel/Aluminum 
Welded  Units 

Testing  Welded  Steel/Aluminum  Tubes 

This  section  presents  results  of  investigations  of  combined 
tubes  made  from  alloy  AMts  and  steel  lKhl8N9T  under  specific 
conditions  of  article  operation  [109,  l6lj. 

There  has  been  very  little  study  of  the  properties  of  welded 
joints  between  unlike  metals  at  low  temperatures.  At  the  same 
time  the  effectiveness  of  such  joints  depends  on  many  factors: 
type  of  crystal  lattice  of  the  joined  metals,  physical  properties 
of  the  two  metals  and  the  nature  of  the  change  in  them  with  a 
reduction  in  temperature,  the  properties  of  the  intermediate 
diffusion  layers,  the  type  of  loading  during  operation,  size,  type 
of  joint,  etc.  [142]. 

Studies  were  made  with  welded  units  -  pipelines.  They  underwent 
hydraulic,  pneumatic,  and  vacuum  tests  prior  to  and  after  fifteen 
cycles  of  freezing  and  heating.  The  tests  were  carried  out  by 
a  procedure  which  is  standard  at  VNIIKIMASh  [All-Union  Scientific 
Research  Institute  of  Oxygen  Machinery],  working  from  the  basis 
of  specific  operating  conditions  of  the  manufactured  articles. 

The  lines  were  also  subjected  to  thermal  shock  tests  with  subsequent 
checking  of  the  strength  and  tightness  of  the  welded  joint. 

Hydraulic  tests  were  carried  out  without  destruction  during  checking 
cf  strength  and  tightness  of  the  welded  loints.  During  the  tests 
a  pressure  of  90  at  was  maintained.  During  the  pneumatic  tests 
welded  units  which  had  already  been  subjected  to  hydraulic  testing 
were  first  immersed  in  a  water  bath  and  then  filled  with  compressed 
air  under  a  pressure  of  32  at.  The  most  widely  applied  methods  of 
vacuum  testing  in  industry  are  methods  utilizing  ha]  de  and  helium 
leak  detectors.  The  second  method  is  especially  sensitive.  The 
PTI-6  helium  leak  detector  was  used  to  carry  out  the  check.  Leak- 
detector  data  make  it  possible  to  detect  leaks  in  evacuated  tested 
tanks  down  to  3-5 ‘lO-^  l\i m/s. 
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Fig.  84.  Welded  line  (alloy  AMts- 
steel  lKhl8N9T)  manufactured  for 
testing  (a),  and  the  setup  of  the 
stand  for  testing  the  lines  (b): 

1  -  leak  detector;  2  -  remote  con¬ 
trol  panel;  3  -  DU25  chok.e  valve; 

4  -  clamp;  5  -  connecting  line; 

6  -  VW-461  high-pressure  vacuum 
pump;  7  -  tested  article;  8  -  blower; 

9  -  vacuum-indl cater  lamp;  10  -  helium 
bottle . 


Figure  84b  shows  a  diagram  of  the  vacuum  stand  for  testing 
pipelines . 


Mechanical  pioperties  of  steel/aluminum  welded  joints  at 
standard  temperature.  To  make  it  possible  to  carry  out  test  to 
failure,  the  ends  of  the  prepared  tube  were  closed  by  lap-welding 
rods  manufactured  to  fit  the  inner  diameter  of  the  steel  and  AMts 
tubes.  In  certain  cases  steel/aluminum  tubes  300-400  mm  long  were 
manufactured  and  their  ends  were  pinched  together  in  a  Dress  so  that 
they  could  be  clamped  in  a  tensile  testing  machine. 


Table  26  gives  results  from  tests  of  steel/aluminum  tubes  of 
various  diameters  at  room  temperature.  As  is  evident  from  the 
table,  within  the  limits  of  the  selected  parameters  of  the 
calorization  of  steel  tubes  (t  =  5-10  s  and  20  s  and  T  =  750-73o°C) 
the  change  in  the  thickness  of  the  coating  layer  does  not  influence 
the  strength  indices  of  the  tubes  at  room  temperature  to  any  sharp 
degree.  For  tubes  vrith  a  diameter  70/63  mm  the  destructive  force 
comprises  7100-9550  daN;  for  115-108  mm  tubes  the  values  are 
18,500-25,000  daN.  A  typical  nature  of  failure  of  one  of  the  tested 
tubes  is  illustrated  on  Fig.  8lb. 

The  significant  transfer  of  heat  into  a  large-diameter  tube 
makes  it  necessary  to  increase  the  heating  time  during  welding; 
this  is  apparently  reflected  on  the  nature  of  destruction  of  the 
welded  Joints.  During  the  tests  unlike  welded  tubes  25-75  mm  in 
diameter  were,  as  a  rule,  destroyed  along  the  base  metal,  while 
tubes  105-110  mm  in  diameter  were  destroyed  with  tot: I  or  partial 
delamination  of  the  coating. 

Metallographic  investigation  of  steel/aluminum  welded  tubes 
showed  that  the  transition  zone  is  adequately  dense;  this  is  also 
indicated  by  results  from  testing  the  vacuum  tightness  of  the  tubes, 
as  presented  in  Table  25. 

Results  from  checking  mechanical  properties  of  steel/alumlnum 
tubes  at  low  temperatures .  To  determine  static  strength  of  steel/ 
aluminum  welded  tubes  at  the  temperature  of  liquid  nitrogen  (-196°C), 
a  special  device  was  developed  (Fig.  85).  Steel  and  aluminum  plugs 
with  threaded  openings  were  welded  to  the  respective  ends  of  the 
specimen,  3-  The  tube  was  set  in  cup  4  (developed  for  thermal 
Isolation  from  the  stainless  steel  with  low  heat  conductivity) 

150  mm  in  diameter  and  400  mm  high;  drawbolt  1  was  screwed  Into  it 
and  the  cup  was  fastened  to  the  latter.  Before  the  tests  the 
specimen  was  filled  with  liquid  nitrogen  2,  drawbolt  5  was  screwed 
in,  and  cup  4  together  with  a  specimen  was  fastened  into  the  clamps 
of  the  tensile  testing  machine.  The  specimen  was  maintained  at 
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this  temperature  for  10-15  minutes,  up  to  vigorous  boiling  of  the 
liquid  nitrogen.  Then  the  specimen  was  loaded  as  in  ordinary 
tests  and  tested  to  destruction. 


Fig.  85.  Device  for 
low-temperature 
testing  of  steel/ 
aluminum  welded  tubes  : 

1  -  lower  drawbolt; 

2  -  liquid  nitrogen ; 

3  -  tube;  4  -  cup; 

5  -  upper  drawbolt. 


The  results  of  the  low-temperature  tests  are  shown  in  Table  27. 
As  is  clear  from  the  table,  the  strength  properties  of  steel/aluminum 
welded  tubes  at  low  temperatures  are,  as  a  rule,  1.5-2  times  higher 
than  those  at  room  temperature  (except  for  tubes  115  mm  in  diameter). 
This  may  be  explained  on  the  one  hand  by  the  increase  in  strength 
properties  and  the  retention  of  the  plastic  properties  of  the  alloy 
Atfts  at  low  temperatures;  on  the  other  hand,  apparently,  there  is  a 
substantial  change  in  the  state  of  stress  of  the  transition  layer 
(work  under  compression),  caused  by  the  ’’fastening”  effect  of  the 
outer*  tube  of  alloy  AMts.  Actually,  if  we  trace  the  change  in  the 
magnitude  of  the  coefficient  of  linear  expansion  in  the  test- 
temperature  region  (from  0  to  -196°C),  we  can  note  a  greater 
"contraction”  in  alloy  AMts  than  in  steel  lKhl8N9T  in  the  low- 
temperature  area.  Therefore,  after  welding  or  in  the  course  of 
operation  when  these  joints  are  cooled  compressive  stresses  are 
created  which  not  only  have  no  negative  effect  on  the  mechanical 
properties  of  the  weld,  but  actually  represent  a  favorable  factor. 


Table  27.  Results  of  checking  mechanical  properties  of  steel/aluminum  tubes  at  -196°C. 
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Remark.  Test  temperature  -196°C.  Diameter  of  tungsten  electrode  3  nun. 


Testing  tubes  under  conditions  of  low  temperatures  and  hard 
vacuum.  In  order  to  determine  the  maximum  vacuum  which  steel/ 
aluminum  welded  tubes  made  according  to  the  developed  technology 
can  withstand,  several  fittings  were  sent  to  the  Physicotechnical 
Institute  of  Low  Temperatures,  Ukrainian  Academy  of  Sciences. 

Tests  were  carried  out  in  a  vacuum  chamber  (Fig.  86)  at  a  vacuum 
of  1.5-10”^  mm  Hg.  The  vacuum  chamber  is  a  cylinder  which  is 
covered  on  the  inside  by  a  shield  with  a  temperature  of  -196°C. 

Gases  which  do  not  condense  at  the  temperature  of  liquid  nitrogen 
are  evacuated  by  a  diffusion  pump.  The  pumping  rute  comprises 
125  1/ s.  The  tested  specimen,  a  welded  tube  with  bottoms  and  a 
capacity  of  about  0.5  Z,  was  soldered  Into  the  vacuum  chamber  on  a 
tube  through  which  the  cavity  of  the  test  specimen  was  filled  with 
liquid  nitrogen.  The  weld  was  In  the  middle  of  the  tube.  Each 
specimen,  at  room  temperature,  ’-?'s  successively  filled  with  liquid 
nitrogen.  The  specimens  were  held  at  the  liquid  nitrogen  tempera¬ 
ture  for  5  minutes.  Then  the  liquid  nitrogen  was  evaporated  from 
the  specimen  and  the  latter  was  heated  by  an  electric  heater 
located  on  the  specimen,  being  brought  up  to  1  ->m  temperature  in 
3  minutes.  Specimen  temperature  was  monitored  by  a  copper-constantan 
thermocouple.  The  above  cycle  was  repeated  10  times  for  each 
specimen.  Pressure  was  measured  continuously  during  the  tests 
with  a  VIT-1  vacuum  gauge. 

During  the  last  evaporation  of  liquid  nitrogen  the  cavity 
formed  by  the  test  specimen  was  filled  with  helium  and  the  gas 
pumped  out  of  the  vacuum  chamber  was  sent  into  a  helium  leak 
detector,  tuned  to  maximum  sensitivity. 

At  the  level  of  the  pressure  drop  between  the  cavity  of  the 
test  specimen  at  the  liquid  nitrogen  temperature  and  the  vacuum 
chamber  the  leak  detector  did  not  reveal  penetration  of  helium 
from  the  test  specimen  through  the  weld  into  the  vacuum  chamber 

_7 

when  the  pressure  in  the  latter  was  on  the  order  of  1.5*10 
mm  Hg. 
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To  diffusion  pump 

Fig.  86.  Diagram  of  the  vacuum 
chamber  for  testing  tubes  under 
conditions  of  low  temperatures 

_7 

and  a  vacuum  of  I  5  *  10  mm  Hg. 

1  -  vacuum  gauge  sensor;  2  -  nitrogen 
screen;  3  -  chamber  housing;  4  -  test 
specimens;  5  -  cover. 

Testing  of  full-scale  units.  Full-scale  units  for  tanks  with 
capacities  of  60,  32,  6,  and  2  m  were  manufactured  according  to 
the  developed  procedures  for  lot  production.  To  check  weld  quality 
one  full-scale  unit  from  each  set  was  subjected  to  tensile  testing. 

In  addition,  all  welded  reducers  were  tested  for  resistance  to 
cold  by  cooling  them  to  -196°C  for  15-30  minutes;  they  were  tested 
for  air-tightness  with  a  PTI-6  helium  leak  detector  at  a  rare¬ 
faction  of  2*1U-2  to  1'10-^  mm  Hg. 

Out  of  all  the  full-scale  units  tested,  only  one  reducer, 
diameters  63/70,  revealed  a  leak  in  the  region  of  a  crater  in  a 
first  weld  on  the  AMts  tube.  The  defect  was  eliminated  by  additional 
argon-arc  welding  with  ADI  filler.  A  repeated  triple  check  by  cold 
and  with  a  leak  detector  showed  the  absence  of  the  defect. 
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The  lines  on  a  vessel  made  of  aluminum  alloy  AMts  and  stainless 
steel  Khl8N10T  were  connected  by  argon-arc  welding  with  the  help 
of  the  obtained  steel/aluminum  fittings. 

During  subsequent  assembly  each  welded  line  v;as  checked  for 

p 

strength  by  hydrostatic  testing  at  a  pressure  of  5-5*25  daN/mm  . 

The  lines  were  also  checked  for  gas-tightness  by  pneumatic  testing 

2 

at  a  pressure  of  3.25-3*5  daN/mm  and  for  vacuum  tightness  with  a 

-2 

PTI-6  hel  urn  leak  detector  at  a  rarefaction  of  2*10  to  10  mm  Hg. 

Tubular  steej /aluminum  reducers  installed  on  the  article  are 
shown  in  Fig.  87* 


Fig.  87.  Steel/aluminum  tubular 
reducers  installed  on  the  finished 
article . 

The  basic  index  of  weld  quality  during  the  manufacture  of  tanks 
is  the  magnitude  of  the  flow  of  uncondensed  gases  during  evacuation 
of  the  insulating  space,  which  is  a  condition  for  prolonged 
operation  of  the  vessel  between  repairs.  The  quality  of  the  entire 
tank  is  characterized  by  the  magnitude  of  average  daily  losses  of 
the  stored  product  due  to  spontaneous  evaporation. 
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The  tests  showed  that  replacement  of  the  aluminum  lines  by  the 
steel/aluminum  type  was  sufficient,  other  conditions  being  equal, 
to  reduce  the  average  daily  losses  of  stored  products  due  to 
spontaneous  evaporation  by  approximately  25%. 

Vibration  tests  of  steel/alumlnum  reducers.  To  check  the 
vibration  resistance  of  steel/aluminum  reducers  (steel  lKhl8N9T  and 
alloy  AMts),  special  test  specimens  were  manufactured  (Fig.  88). 

The  sample  has  a  connecting  nipe  to  permit  checking  the  gas- 
tightness  without  removing  the  unit  from  the  installation.  Tests 
were  carried  out  on  a  stand.  The  tested  specimen  was  rigidly 
attached  to  the  stand  by  a  steel  flange  while  an  aluminum  flange 
was  used  to  connect  it  through  a  bearing  with  a  cam  rotated  by  a 
motor. 


Fig.  88.  Tubular  steel/aluminum 
specimen  manufactured  for 
vibration  testing. 

The  tubes  were  '  ^sted  at  a  vibration  amplitude  of  1.3  mm  and 
at  JJ50C  r/min.  Gas-tightness  was  checked  prior  to  the  testing  and 
after  ea^h  5*10^  cycles  of  oscillations.  No  leaks  were  observed 
in  the  welded  lines  after  10* 10^  tests  cycles. 

Testing  of  Experimental  Structures 

Welded  steel/aluminum  joints  in  structures  must  frequently 
operate  under  complex  states  of  stress  in  conditions  c  s  atic  and 
variable  loads  in  a  medium  of  aggressive  products.  High  requirements 
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are  imposed  on  such  joints  with  respect  to  commercial  form, 
structural  strength,  retention  of  gas-tightness ,  and  corrosion 
resistance  over  a  prolonged  period  of  time. 

Together  with  0.  S.  Kuz'menok,  the  author  carried  out  work 
on  fusion-welding  connection  of  thin-walled  tanks  of  tubes  made 
from  steel  Khl8N10T  and  alloy  AMg6.  The  inner  diameter  of  the 
tanks  was  170  mm,  their  length  was  380  mm,  the  wall  thickness  of 
the  steel  tube  was  3  mm,  and  that  of  the  AMg6  tube  was  5  rm.,. 

The  dimensions  of  the  optimum  grooving  of  the  welded  edges 
in  preparation  for  welding  are  given  on  Fig.  76.  Preliminary 
experiments  did  not  indicate  any  positive  results  with  the  use  of 
lap  joints.  Zinc-coated  (layer  thickness  25-30  pm)  steel  tibes 
were  calorized  by  immersion  in  a  melt  of  pure  AV000  aluminum  in  an 
open  crucible  of  an  induction  furnace  with  a  flux  before  welding. 
The  calorizing  temperature  was  750-780°C. and  the  hold  time  was  1-2 
minutes.  The  thickness  of  the  calorized  layer  was  0.2-0. 3  mm. 

The  tubes  were  welded  by  the  argon-arc  method  by  two  programs : 
first  by  manual  welding  of  the  interior  and  then  by  automatic 
welding  of  the  exterior. 

The  automatic  welding  was  carried  out  on  the  USA-500  automatic 
welder  with  a  UDAR-300  power  source,  a  tungsten  electrode  3  mm  in 
diameter,  and  Sv.  ADI  filler  wire  2.5  mm  in  diameter. 

Welding  conditions  are  given  in  Table  28. 

After  welding  the  calorized  layer  was  removed  from  the  surface 
of  the  steel  tube  by  chemical  milling  and  the  blind  flanges  were 
cleaned  and  etched  for  the  strength  tests. 

The  weld  of  a  steel/alum? uum  Joint  connecting  shells  is 
shown  on  Fig.  89. 
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Table  28.  Conditions  for  welding  the  experimental  tanks. 


Type  of 

Current 

Welding 

Wire  feed 

Argon  flow 

welding 

strength , 

speed , 

rate ,  m/h 

rate , 

A 

m/h 

Z/min 

Internal , 

manual 

100 

7.5 

— 

8-10 

External , 

automatic 

140-' 

8.5 

32.5 

10-12 

Remark.  The  limits  of  current  strength  regulation 

are  shown  from 

the  beginning  to  the  end  of  the  weld. 

Fig.  89.  Welded  steel/aluminum  tank. 


Tests  of  specimens  15  mm  wide  cut  from  tubes  welded  with 

filler  wire  ADI  show  that  the  strength  of  the  steel/aluminum  joints 

is  sufficiently  stable  and  with  automatic  welding  amounts  to  28-30 
2 

daN/mm  .  It  was  established  that  a  second  supplemental  welding  of 
defective  spots  reduces  the  strength  of  the  joint  by  10-305?. 
Destruction  occurs  viscously  over  the  built-up  metal.  As  a  rule 
a  portion  of  the  deposited  aluminum  remains  on  the  steel  part  of 
the  specimen.  Destruction  of  specimens  welded  with  filler  wire 
Sv.  AMg6  is  brittle  and  occurs  by  separation  of  the  deposited  filler 
metal  from  the  surface  of  the  steel.  The  deformablllty  of  such 
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steel/aluminum  Joints  is  comparatively  low.  Operating  conditions 
of  welded  bimetallic  Joints  in  a  plane  state  of  stress  are  variable. 
The  calculation  diagram  for  a  metallic  thin-wall  shell  is  shown  in 
general  form  on  Fig.  90. 


Fig.  90.  Calculation 
diagram  for  a  bimetallic 
thin-wall  shell  in 
general  form:  u1> 

E1  and  S2,  w2,  E2  - 

thickness,  radial 
displacement,  and  Young's 
modulus  of  steel  and  the 
alloy  AMg6. 


In  the  general  case  during  calculation  of  bimetallic  shells 
it  is  necessary  to  consider  bending  stresses  at  the  point  of 
connection  of  shells  of  different  thickness  and  having  different 
Young's  moduli: 


_ PR  .  N  M  nR 

'1  -  -± - +  3  —  •  «  —  cl' 

2S-2t:/?S~  S*’  2  s’ 


(44) 


where  and  a2  are  the  meridian  and  annular  stresses,  respectively; 
p  is  pressure;  N  is  the  axial  force;  and  M  is  moment. 


As  was  indicated  above,  the  wall  of  the  tube  made  from  AMgC 
was  thicker  than  the  steel  wall  and  so  destruction  occurred  along 
the  weld.  Su^h  a  procedure  makes  it  possible  to  obtain  the  true 
mechanical  characteristics  of  the  weld.  In  this  case  the  cylindrical 
rigidities  Es  were  levelled,  making  it  possible  to  carry  out 
calculations  according  to  the  zero-moment  theory  of  shells. 

Under  the  condition  of  equality  of  radial  displacements  of 
points  on  the  contour  of  both  shells  (E^s^  =  E232^  calculation 
of  a  bimetallic  shell  can  be  carried  out  according  to  the  zero- 
moment  theory  of  strength: 

_pR  ,N  _ PR 

25  ~  2r/?5  *  5 
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(45) 


When  the  tubes  were  welded  with  Sv.  AMg6  filler  wire  brittle 

destruction  occurred  along  the  boundary  of  the  Joint.  In  tnis 

case  structural  strength  of  annular  welds,  calculated  by  the  zero- 

2 

moment  theory,  comprises  10-15  daN/mm  . 

Application  of  the  filler  wire  Sv.  ADI,  which  has  no  magnesium 
in  its  composition,  ensure:  better  interaction  of  the  weld  metal 
with  the  steel  and  the  increased  ductility  improves  the  operating 
conditions  of  the  welded  joint  in  the  structure.  In  this  ca^ 

p 

structural  strength  comprises  15-21  daN/mm  .  The  effect  of  the 
filler  wire  on  structural  strength  is  illustrated  by  Pig.  91. 


Pig.  91*  Effect  of 
filler  wire  on 
structural  strength 
of  steel/aluminum 
j  oints . 


In  order  to  study  the  structural  strength  of  welded  bimetallic 
canks  in  a  two-axial  state  of  stress,  they  were  tested  under 
different  ratios  of  annular  and  meridian  stresses  (Table  29). 

Analysis  cf  the  results  of  strength  tests  shows  that  conditions 
of  loading  by  internal  pressure  with  n  =  0.5  should  be  considered 
to  be  the  most  severe  operating  conditions.  But  even  during  these 
tests  the  tentative  strength  coefficient  of  the  weld  in  a  steel/ 
aluminum  joint  comprises  0.5-0. 6  (Fig.  92).  This  coefficient  can 
be  introduced  into  the  calculation  of  strength  of  similar  structures 
made  of  unlike  metals. 


Table  29.  Data  obtained  during  tests  of  steel/ 
aluminum  tanks  welded  with  filler  wire  Sv.  ADI  and 
calculation  of  stresses  by  the  zero-moment  theory. 


i 

Tube 

Load  at 
destruction 

Calculated 
destructive  stress, 
dnHMM' 

Ratio 

of 

stresses 

Tentative 

strength 

coefficient 

$  0. 

i 

P ■  1 

dtiH'.rM*  ] 
1 

N . 

9i 

•1 

1 

a. 

K,  -  ,  '  , 

*■  AMg6 

16 

140 

19,8 

39,6 

0,62 

23 

110 

— . 

15,6 

31,2 

0,49 

26 

152 

— 

21,6 

43,1 

—0,5 

0,67 

29 

147 

— 

20,8  j 

41.7 

0,65 

3C 

150 

— 

21,3  1 

42.5 

0,67 

2 

75 

34000 

19,2 

21,2 

0.60 

7 

76 

11000 

19.3 

21,5 

0,60 

11 

86 

16, S00 

22,5 

24,5 

-1 

0,70 

15 

92 

18000 

24,0 

26.0 

0,75 

22 

76 

34000 

19,4 

2i,6 

0,61 

4 

44.8 

28100 

23,4 

12,7 

0,73 

19 

48,0 

.32700 

26,6 

13,6 

0,83 

27 

51,2 

.33800 

27,7 

14,5 

—2 

0,87 

32 

44,8 

26700 

i  22,96 

12,7  . 

|  0,71 

4" 

44,8 

28900 

1  23,9 

12,7 

0.75 

Fig.  92.  Tentative 
coefficient  of 
strength  as  a 
function  of  internal 
pressure  (ratio  of 
stresses).  Filler 
wire  3v .  ADI. 

The  corrosion  resistance  of  steel/aluminum  joints  and  the 
effect  of  prolonged  holding  in  a  medium  on  strength  and  gas- 
tightness  were  also  investigated.  After  holding  in  a  corrosive 
medium  the  tubes  were  subjected  to  hydraulic  tests  at  a  pressure 
of  30  atm,  pneumatic  tests  at  a  pressure  of  15  atm,  and  then  to 

checking  for  gas-tightness  with  a  helium  leak  detector  with  a 

_2 

sensitivity  of  1*10  lv m/s.  The  tubes  withstood  these  tests. 

Besides  this,  they  were  also  subjected  to  static  testing  to 
destruction  under  a  biaxial  state  of  stress  with  the  ratio  cr^/c^ 
equal  to  0.5  and  to  1. 
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The  program  for  strength  tests  included  conducting  hydraulic 
tests  (30  atm)  and  gas-tightness  tests  with  compressed  air  (15  atm). 
Then  six  tubes  were  subjected  to  vibration  testing  on  a  shaking 
program  (200  hours). 


Fig.  93.  Steel/aluminum  joint  destroyed 
by  internal  pressure  of  4l  atm  with  tension 
after  buffeting  and  vibration  (force  of 

l|  X 

tension  9.1*10  N). 

Most  characteristic  destruction  of  the  units  was  observed 
after  static  and  dynamic  tests  (Fig.  93). 

Data  from  the  static  tests  indicate  tnat  the  structural 

strength  of  welded  s feel/aluminum  joints  in  tanks  corresponds  to 

2 

a  stress  of  o  *  10-12  daN/mm  ,  which  amounts  to  0.45  of  the  lower 
limit:  of  the  strength  of  alloy  AMg6. 

Results  of  these  works  indicated  that  steel/aluminum  articles 
obtained  by  argon-arc  welding  have  sufficient  structural  strength, 
the  necessary  gas- tightness  and  corrosion  resistance,  and  good 
resistance  to  vibration.  They  can  be  applied  successfully  in  a 
variety  of  article  constructions.  Their  application  is  especially 
effective  in  large  structures  and  during  welding  of  fittings  under 
assembly  conditions. 
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Results  of  Strength  Tests  of  Models 


The  models  were  manufactured  by  argon-arc  welding  over  a 
calorized  layer.  The  steel  portion  of  the  model  was  cut  from  a 
steel  tube  (steel  Khl8N10T)  108  *  5  mm  in  diameter.  The  edges  were 
dressed  before  welding  with  aluminum  ADI  -  double  beveling  of  the 
edges  at  an  angle  of  70°. 


Pig.  9^-  Steel/aluminum  models 
prior  to  (a)  and  after  (b)  hydraulic 
tes  ts . 


The  aluminum  part  of  the  model  was  manufactured  from  7-mm  sheet 
by  rolling  and  welding.  Two  fittings  wei’e  made  to  supply  pressure 
to  the  stainless  [steel]  portion  of  the  model.  All  models  were 

p 

tested  at  +  20°C  with  a  hydraulic  pressure  of  32  daN/cm  (hold  10 

p 

minutes)  and  then  with  a  pneumatic  pressure  of  25  daN/cm  (hold  10 

minutes).  All  models  withstood  the  tests.  During  testing  in  a 

cold  chamber  and  with  cooling  to  -50^0  models  filled  with  kerosene 

2 

were  destroyed.  The  destroying  load  amounted  to  137-162  daN/cm  . 

Figure  9^  shows  a  model  prior  to  and  after  hydraulic  testing  to 
2 

120  daN/cm  .  As  is  evident  from  the  figure,  the  aluminum  portion 
of  the  model  was  not  destroyed,  although  it  was  strongly  deformed. 


Ten  models  were  cooled  In  the  chamber  to  -50°C,  held  at  this 
temperature  for  1  hour,  heated  to  room  temperature  (+20°C),  and 
then  heated  in  hot  water  to  +60°C.  This  cycle  was  repeated  twenty 
times  for  all  models.  After  this  the  models  were  destroyed  by 
hydraulic  pressure.  The  destructive  load  was  found  to  lie  wiuhln 
the  limits  125-155  daN/cm2. 

Welding  of  Dewar  Vessels 

The  Sverdlovsk  Oxygen  Plant  produces  12  standard  sizes  of 
Dewar  vessels  with  capacities  ranging  from  5  to  100  liters  for 
various  branches  of  the  national  economy.  The  inner  and  outer 
vessels  are  made  from  the  aluminum  alloy  AMts,  2-4  mm  thick.  In 
order  to  reduce  heat  losses  during  storage  of  liquid  gases  the 
inner  and  outer  vessels  are  joined  by  a  neck  of  steel  Khl8N10T. 

The  wall  thickness  of  a  seamless  tube  of  steel  Khl8N10T  comprises 
0.3  mm  and  the  tube  diameters  are  14,  25,  95,  150,  and  282  mm. 

In  the  process  of  manufacturing  the  vessel  the  stainless-st.  n'j  tube 
must  be  welded  to  the  inner  and  outer  vessels. 

The  steel  tube  is  calorized  in  a  graphite  or  cast  iron  crucible 
under  a  layer  of  flux  AN-AI.  Aluminum  of  type  A99  per  GOST  11070-64 
is  used;  calorlzing  temperature  is  700-740°C.  The  amount  of  flux 
over  the  aluminum  is  30-40  mm;  the  steel  tube  is  joined  to  a  tube 
of  alloy  Alits  and  welded  to  both  vessels.  Finished  vessels  are 
checked  for  evaporation  and  tested  for  cold  resistance  at 
temperatures  from  +20°C  to  -196°C. 

Welding  Ship  Units 

A  number  of  structures  have  been  manufactured  at  the 
Zhdanov  and  Admiralteyskiy  Leningrad  Shipbuilding  Plants. 
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In  1961-1962  a  number  of  experimental  structures  were 
manufactured  at  the  Zhdanov  Plant  [18]:  struts  2000  *  220  *  3 
in  size  from  alloy  A.'^g6  with  a  steel  coaming;  a  unit  for  connecting 
a  zinc-plated  steel  coaming  with  a  panel  of  AMg5V  900  *  1000  x  3 
in  size;  a  bulkhead  of  alloy  AMg5V  1500  *  1500  x  8  in  size  with 
four  steel  coamings;  a  unit  for  connecting  a  zinc-coated  steel 
tube  70  mm  in  diameter  with  a  sheet  of  AMg5V  250  x  250  in  size. 

The  experimental  structures  were  manufactured  from  standard  elements 
available  at  the  plant. 

Steel  elements  intended  for  zinc  coating  were  carefully  cleaned 
on  a  sand-blasting  installation.  Zinc-v  lating  was  carried  out  in 
galvanic  baths;  tne  thickness  of  the  zinc  coating  comprised  *10  pm. 
20-mm  flanges  were  provided  for  lap  welding  of  edges  of  elements 
of  alloy  AMg5V;  flanging  was  produced  on  a  foige.  Immediately 
before  welding  the  edges  of  elements  made  of  A.Mg5V  were  trimmed. 

The  unit  for  joining  '<  he  zinc-coated  tube  with,  a  sheet  of 
AMg5V  was  welded  in  a  pass.  Welding  of  struts  and  a  panel  of 
AMg5V  with  steel  coamings  was  carried  out  with  preliminary  arrange¬ 
ment  of  tack  welds  on  the  side  opposite  to  the  first  weld  (pass). 
Welding  panels  of  alloy  AMg5V  to  steel  coamings  was  accomplished 
by  the  back-step  me- hod.  All  structures  were  welded  in  one  pass. 
Current  strength  in  all  cases  was  I  =  120-130  A;  the  diameter 
of  the  tungsten  electrode  was  3  mm,  and  ADI  filler  wire  2  mm  in 
diameter  was  used.  The  welding  speed  was  8-12  m./h. 

The  experience  in  manufacturing  the  structures  showed  that 
it  is  advisable  to  weld  comparatively  short  butt  joints  (up  to 
0.5  m)  directly  end-to-end.  In  the  case  of  long  butt  edges  (1  m 
and  more)  the  joints  should  be  made  with  flanging  of  the  element 
of  light  alloy;  this  simplifies  fitting  of  long  edges  and  in 
addition  with  thin  metal  (less  than  3  mm)  this  eliminates 
premature  burning  off  of  the  zinc  on  the  steel  coamings  on  the 
side  opposite  to  the  first  weld.  During  the  welding  of  combined 
structures  one  should  apply  the  same  technological  methods  to 


combat  deformations  as  during  the  welding  of  structures  made  from 
light  alloys  -  i.e.,  mainly  rigid  fastening. 

The  need  for  rigid  fastening  is  especially  important  when 
welding  such  elements  as  narrow  steel  coamings.  Welded  joints 
also  tolerate  cutting  on  press-shears;  cutting  should  be  begun  on 
the  steel  side. 

Struts  manufactured  at  the  shipbuilding  plant  were  tested  to 
failure  for  longitudinal  compression.  The  ccmpression  test  was 
selected  on  the  basis  of  the  fact  that  such  a  strut  is  an  elemental 
portion  of  a  cross  member  (or  bulkhead),  articles  which  take  up 
basic  loads  in  the  ship's  hull.  During  the  tests  the  struts 
lost  stability  at  forces  of  3500-^500  daN.  Detailed  inspection 
of  the  strut  as  a  whole  and  of  the  welds  joining  alloy  AFg'SV  to 
the  steel  coamings  did  not  show  any  destruction  along  the  welds. 

Considering  the  satisfactory  results  obtained  during  tests  of 
the  strength  of  welded  joints  between  aluminum  alloys  and  steel, 
the  Admlralteyskiy  Plant  designed  and  manufactured  two  experimental 
production  ship  fairings  of  alloy  AKg-j  of  different  thickness  and 
of  high-alloy  steel  [ 18 ] .  A  particular  feature  of  the  fairing 
was  the  fact  that  the  rig  was  a  structure  of  rod  steel.  This 
required  not  only  the  development  of  technology  but  also  additional 
strength  tests. 

Considering  the  small  dimensions  of  the  rods  the  cleaned 
girders  of  the  steel  frame  were  first  subjected  to  hot  zinc  plating. 
The  coating  thickness  comprised  60-90  ym.  After  this  deposition 
of  a  continuous  seam  50  mm  in  length  with  a  pitch  of  100  mm  on  the 
rod  adjacent  to  the  outer  skin  was  carried  out  in  the  shop. 
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Deformation  of  the  girders  was  prevented  by  fastening  them 
rigidly  to  a  plate  during  the  deposition.  The  facing  was  carried 
out  by  the  argon-arc  method  on  a  current  I  =  65  A  at  a  welding 

C  B 

speed  v  =  12-15  m/h;  the  filler  was  ADI  2  mm  in  diameter  and  the 
tungsten  electrode  had  a  diameter  of  2  mm. 

The  assembly  skeleton  consisted  of  lcrgerons  and  a  keel; 
it  was  attached  to  a  supporting  flange  by  weldirg  and  to  the 
stern  cross  member  by  rivets.  Sheathing  was  installed  from  the 
supporting  flange  and  the  keel  to  the  stern  section.  With 
increasing  reduction  the  sheets  were  welued  to  the  assembly,  and 
then  sheathing  of  alloy  AMg6  was  welded  to  the  stern  section. 

The  following  are  the  conditions  for  welding  the  plates  to  the 
assembly:  welding  with  a  tungsten  electrode  3  mm  in  diameter  with 
I  -  130-140  A,  v  =  12-15  m/h;  ADI  filler  3  mm  in  diameter  was 
used.  After  welding  of  this  sheet  to  the  assembly  of  the  stern 
section  and  to  the  supporting  flange  bottom  sheets  were  installed, 
beginning  from  the  keel  toward  the  stern,  being  reduced  along  the 
framing,  clamped  to  it,  and  also  to  the  remaining  portion  of  the 
outer  sheathing;  this  was  followed  by  welding  of  the  sheathing 
sheets  on  a  current  of  I  -  150 -l60  A,  with  an  electrode  3  mm 

CP 

in  diameter  and  AMgb  filler  ^od  3  mm  in  diameter.  After  this  the 
outer  plates  were  welded  t-  the  steel  framing.  Welded  fairings 
were  subjected  to  hvlraulic  testing  by  filling,  and  after  drilling 
out  of  openings  in  che  supporting  f Lange  by  filling  with  the 
creation  of  an  excess  pressure  up  to  0.8  daN/cm'.  Testing 
showed  that  the  structure  used  was  gas-tight  and  strong. 
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CHAPTER  VI 

CORROSION  RESISTANCE  OF  WELDED 
STEEL/ALUMINUM  JOINTS 

Broad-scale  introduction  of  steel/aluminum  structures  is 
hindered  by  a  lack  of  standard  data  on  their  corrosion  resistance. 
Published  data  are  extremely  contradictory. 

In  using  aluminum  and  aluminum  alloys  in  combination  with 
other  metals  we  must  take  special  measures  to  prevent  the  develor- 
ment  of  „ontact  corrosion.  We  know  that  in  the  contact  area 
between  aluminum  and  steel  parts  (bolts  rivets)  in  the  presence 
of  an  electrolyte  an  electrochemical  couple  can  develop,  in  which 
the  wet  medium  plays  the  \  ole  of  the  electro? vte,  conducting  the 
electrical  current  and  thus  promoting  the  development  of  contact 
corrosion.  Conducting  iiquids,  for  example,  sea  and  fresh  water 
and  salt,  acid,  and  alkali  solutions, can  act  as  the  electrolyte. 

The  degree  of  development  of  corrosion  between  different 
metals  depends  on  a  number  of  factors:  the  composition  of  the 
electrolyte,  the  ratio  of  the  steel  and  aluminum  contact  surfaces, 
the  brand  of  steel  and  aluminum,  etc. 

The  behavior  of  the  galvanic  aiuminum/steol  pair  lias  been 
studied  by  a  number  of  researchers.  Rogers  and  Hume  have  published 
their  data  [222]  on  the  behavior  of  aluminum  plating  of  ships  cn 
a  wooden  hull  in  combination  with  a  great  many  parts  made  of 
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special  steels.  According  to  these  studies  the  combination  of 
aluminum  and  sceel  at  an  outer  surface  ratio  of  1:5  for  both 
materials  is  resistant  to  corrosion. 

According  to  S.  E.  Bird  and  W.  R.  Evans  [171]  in  the  elements 
of  aluminum  and  steel  which  have  been  short-circuited  in  a  liquid 
(sea  water),  the  aluminum  is  always  the  anode;  the  outside  film 
does  not  hinder  corrosion  of  the  aluminum,  since  the  ratio  of  the 
outer  cathode  surface  to  the  inner  surface  of  the  anode  must  be 
sufficiently  great  in  order  to  provide  cathode  protection  of  the 
steel.  In  conducting  water  aluminum  becomes  the  cathode  and  the 
protective  action  ceases.  Although  adding  dissolved  ferrous  salts 
to  the  liquid  also  decreases  propagation  of  the  aluminum  corrosion, 
this  addition  nevertheless  localizes  and  intensifies  corrosion, 
so  that  the  steel  can  cause  under  certain  conditions  an  intense 
local  corrosion  in  the  sections  of  the  neighboring  light  metal 
with  or  without  electrical  contact  ,  It  is  also  noted  that  aluminum 
in  combination  with  steel  in  builaing  materials  (asbestos  cement, 
insulating  materials,  etc.)  is  oiPy  oxidised  on  the  surface,  and 
after  a  certain  time  the  corrosion  process  ceases.  Here  even  the 
smallest  trace  of  water  -  in  the  cement,  for  example  -  is 
sufficient  to  develop  a  current  of  100  mA. 

W.  L.  Horst,  after  a  great  many  experiments  with  light  metals, 
established  the  fact  that  combinations  of  soft  steel  and  aluminum 
in  moist  air  are  more  subject  to  corrosion  than  contact  combinations 
of  special  steels  and  aluminum. 

Ye.  D.  Vernika  and  F.  B.  Murphy  believe  that  a  galvanic 
current  develops  between  aluminum  and  carbon  steel  only  when  the 
chloride  concentration  Is  above  50  mm.  This  current  has  a  weaker 
effect  on  aluminum  electrodes  than  on  steel. 

Finally,  according  to  the  studies  of  F.  F.  Seppins ,  joints  of 
steel  and  aluminum  are  subject  to  corrosion  even  if  their  outer 
surface  is  protected. 
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To  prevent  a  sudden  contact  between  the  two  metals  or  contact 
of  surfaces  through  the  electrolyse  In  the  case  of  bolt  and  rivet 
Joints, special  insulating  line”  ,  paste,  protective  coatings, 
oxide  coatings,  etc.,  are  used.  An  example  of  total  insulation 
of  bolt  Joints  is  shown  in  Pig.  95.  In  most  cases  painting  is 
sufficient  to  protect  contact  surfaces  in  combination  structure.'? . 
In  this  case  the  use  of  red  lead  or  other  paint  containing  lead 
should  be  avoided  [246] 


Pig.  95.  Standard  clamp  on  hori¬ 
zontal  pipelines  which  eliminates 
corrosion:  1  -  aluminum  bar;  2  - 
galvanized  steel  bolts;  3  -  steel 
clamp;  4  •  thick  asbestos  liner; 

5  -  galvanized  steel  angle  bar; 

6  -  plastic  washer;  7  -  fabric 
liner;  8  -  insulation  paste;  9  - 
steel  gal  vanned  washer;  10  - 
steel  bolt;  11  -  plastic  liner; 

12  -  aluminum;  13  -  steel. 

aluminum  in  an  electrolyte  [242]. 


There  is  little  informa¬ 
tion  concerning  the  corrosion 
resistance  of  welded  steel/ 
aluminum  joints  [208,  226]. 
Furthermore,  welded  joints  of 
aluminum  and  steel,  particularly 
if  an  intermetallic  compound 
is  present  in  the  joint,  are 
extremely  subject  to  corrosion, 
since  the  electrode  potential 
of  the  indicated  chemical 
compound  is  more  electro¬ 
positive  (-0.200  V)  than 
aluminum  [33]. 

There  are  as  yet  no 
published  figures  for  the 
currents  wbic.i  develop  between 
the  conctct  of  steels  and 
A  number  of  authors,  who  have 


obtained  "alues  for  normal  electrode  potential  in  the  indicated 
metals,  suggest  that  such  compounds  are  characterized  by  low 
corrosion  resistance.  However,  as  Evans  [171]  so  correctly  points 
out,  for  practical  purposes  the  values  of  electrode  potentials 


obtained  by  submerging  pure  metals  in  normally  active  solutions  of 


their  own  ions  have  limited  significance. 
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The  values  of  stationary  potentials  in  sea  water  are  also  used 
only  roughly,  since  the  values  of  the  potentials  depend  to  a  great 
extent  on  the  composition  of  the  sea  water,  the  degree  of  its 
aeration,  and  the  state  of  the  surface  of  the  metals.  Thus,  we 
must  formulate  direct  experiments  to  establish  corrosion  resistance. 

We  studied  the  corrosion  resistance  of  welded  aluminum/steel 
joints  at  a  marine  corrosion  station.  The  test  lasted  cue  year. 
Welded  joints  consisting  of  alloys  AMts  and  AMg6  and  steels  St,  3 
~nd  lKhl8N9T,  produced  by  argon-arc  welding,  were  studied.  The 
dimensions  of  the  test  specimens  were  300  *  200  (5-7)  mm.  A 
number  of  joints  were  obtained  by  means  of  extra  wires,  providing 
the  joint  with  additional  alloys  of  silicon,  zinc,  and  beryllium. 
Prior  to  \he  test  some  specimens  were  covered  in  lr-nuer-paint 
coatings.  The  total  number  of  test  specimens  was  150. 

The  corrosion  tests  were  conducted  under  conditions  of  total 
and  variable  submersion  in  sea  water  and  under  a  spray  of  sea  water 
in  the  atmosphere.  Specimens  tested  under  constant  submersion  were 
secured  in  a  specially  designed  holder  (Fig.  96),  where  they  were 
placed  in  a  parallel  formation  20  mm  apart.  In  the  case  of 
variable  submersion  the  specimens  were  also  placed  in  holders. 

The  test  conditions:  the  specimens  were  placed  at  a  distance  of 
1  m  above  sea  level  for  one  day,  for  two  days  they  were  submerged 
to  a  distance  of  1  m  from  the  surface.  The  test  in  the  sea 
atmosphere  was  conducted  in  holders  placed  at  an  angle  of  ^5° 
toward  the  horizon  and  at  a  height  of  1  m  above  sea  level.  In  all 
types  of  tests  the  specimens  were  electrically  insulated  from  the 
holding  element". 

The  dependence  of  the  electrode  potential  on  time  was 
determined  on  specimens  of  the  studied  materials  under  total 
submersion  in  sea  water  on  a  special  stand.  The  crevices  in  the 
contact  areas  between  the  specimens  and  the  organic  glass  holders 
were  insulated  by  epoxy  putty  to  avoid  the  development  of  crevice 
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Corrosion.  The  electrode  potential  was  measured  by  the  cavitation 
method  with  the  aid  of  the  LP-58  potentiometer.  A  silver  chloride 
electrode  was  used  as  the  comparison  standard.  The  potential  was 
measured  at  the  following  time  intervals:  1,  10,  15,  25,  35,  and 
55  min  from  the  moment  of  submersion,  then  every  hour  for  the 
course  of  one  day,  followed  by  once  every  24  hours  for  8  months. 


Pig.  96.  Specimens  secured  in  holders 
for  tests  under  total  and  variable 
submersion  in  sea  (a);  welded  aluminum/ 
steel  joints  tested  in  sea  atmosphere 
(b). 


The  degree  of  corrosive  effect  of  sea  water  on  the  studied 
specimens  was  estimated  from  the  results  of  mechanical  tests  made 
before  and  after  the  test  experiments.  These  consisted  of  visual 
observation  and  by  establishing  the  depth  of  existing  corrosion 
damage  (clock-type  indicator)  with  an  accuracy  to  within  0.01  mm. 
Microscopic  sections  were  prepared  from  all  of  the  tested  specimens, 
which,  after  electropo] ishing,  were  studied  under  magnification  of 
300* . 


The  specimens  were  observed  without  being  removed  from  their 
holders  at  10,  30,  and  60  days  from  the  beginning  of  the  experiment. 


Observations  in  which  one  specimen  was  removed  were  made  at  3,  6, 
and  12  months.  The  temperature  of  the  sea  water,  the  air,  and  the 
moisture  in  the  air  varied  daily.  Data  on  the  composition  of  the 
sea  water  and  its  oxygen  content  are  given  in  Table  30. 


Table  30.  Concentration  of  ions  and  salts  in  sea  water. 


Ions 

Concentration  of  ions 

Salts 

Concentration  of  ions 

in  g/1 

in  percentage 
of  total 
amount  of 
salts 

in  g/1 

in  percentage 
of  total 
amount  of 
salts 

Na+ 

5.430 

30.2 

NaCl 

13.81 

76.74 

K+ 

0.190 

1.05 

MgCl2 

2.095 

11.63 

Mg+ 

0.680 

3.78 

MgSO^ 

0.715 

3.87 

Ca+ 

0.240 

2.22 

MgBr2 

0.03 

0.017 

Fe  * 

B3B 

1.4.10-^ 

_ 

k?so4 

0.420 

2.33 

-6 

Cu 

1.2-10  D 

+1.6-10*5 

CciSO 

0.802 

4.45 

Cl" 

10 

55-5 

CaCO- 

0.008 

- 

Br“ 

0.026 

0.14 

30J- 

0.380 

7.8 

Si 

5.4*10"^ 

— 

S 

1.5-10  5 

- 

HCO- 

0.016 

0.092 

CV 

0.P05 

0.025 

Salinity 

1.8% 

Under  total  submersion  in  sea  water  all  of  the  specimens  were 
covered  by  acorn  barnacles  measuring  1-12  mm  in  diameter,  pearl 
weed,  etc. 

After  the  test  the  specimens  were  freed  of  these  growths  and 
washed.  The  corrosion  products  were  removed  from  the  specimens  by 
pickling  the  aluminum  alloys  and  the  stainless  steel  in  a  5% 

#[Translatcr ’s  note.  Russian  B3B  may  in  this  case  be  abbreviated 
in  the  form  of  BBBBUEHHbiFl  (Suspended)], 
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solution  of  HNO^;  steel  St.  3  was  pickled  in  a  5!?  solution  of  H^SO^ 
with  inhibitor  PB5>.  Zinc-coated  steel  St.  3  was  rinsed  in  hot 
water  without  pickling. 

For  specimens  of  the  base  metal  the  corrosion  rate  was 
calculated  based  on  weight  losses,  although  for  welded  joints  of 
different  metals  weight  monitoring  does  not  give  a  true  picture  of 
corrosion. 

Welded  Joints  of  Alloy  AMts  and 
Steel  St.  3 

Following  the  constant  submersion  test  in  the  sea  welded 
joints  of  AMts  and  St.  3  showed  good  corrosion  resistance.  The 
surface  of  alloy  AMts  was  slightly  darkened,  and  traces  of 
barnacles  and  corrosion  damage  were  vJ sible;  the  surface  of 
galvanized  steel  St .  3  was  covered  with  corrosion  products  in  some 
places,  and  the  unglavanlzed  steel  with  -rust . 

Metallographic  studies  indicated  that  intercrystallite 
corrosion  could  be  observed  in  certain  places  only  on  alloy  AMts 
after  year-long  studies;  corrosion  damage  was  not  revealed  along 
the  fusion  line  of  St .  3  steel. 

In  the  variable  submersion  test  the  surface  of  the  base 
metals  remained  the  same  as  under  continuous  submersion.  The 
joints  were  subject  to  total  corrosion.  One  specimen  developed 
transverse  Cracks.  Intercrystallite  corrosion  was  observed  as 
early  as  6  months  after  the  beginning  of  the  uest  along  the  fusion 
line  and  along  the  weld.  The  base  metal  in  alloy  AMts  was  subject 
to  general  corrosion  damage . 

After  the  weld  compound  was  tested  in  the  sea  atmosphere  the 
joints  were  found  to  be  in  good  condition;  the  surface  of  the 
specimens  retained  their  metallic  shine.  Individual  spots  of 
corrosion  products  were  observed  on  the  aluminum  alloy,  on  the 
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steel,  and  on  the  galvanized  covering.  Microscopic  sections  from 
tests  conducted  in  the  sea  atmosphere  did  not  show  corrosion 
damage . 

Tests  on  painted  (base  paint  VL02  -  first  layer,  paint  PF64  - 
second  layer)  of  welded  specimens  of  the  combination  AMts/St.  3 
under  conditions  of  constant  and  variable  submersion  in  sea  water 
indicated  that  lacquer  paint  has  poor  protective  properties.  The 
active  zone  was  galvanized  steel  St.  3,  the  fusion  zone,  and  the 
Joint.  The  coating  was  destroyed  right  down  to  the  metal,  where 
intensified  corrosion  was  observed.  There  was  pitting  (constant 
submersion)  on  the  Joints  and  Joint  damage  (variable  submersion). 

The  lacquer  coating  demonstrated  good  anticorrosion  resistance 
in  atmosphere  testing. 

Welded  Joints  of  Aluminum  Alloy 
AMg6  and  Steel  St.  3  (ADI  as 
Additional  Material) 

These  combinations  revealed  insufficient  corrosion  resistance 
under  total  submersion  in  the  sea.  The  alloy  AMg6  darkened,  and 
traces  of  barnacles  could  be  seen  over  a  great  part  of  the  surface 
The  pitting  depth  varied  between  0.20  and  0.76  mm  on  the  surface 
and  went  up  to  0.90  mm  under  the  rubber  at  the  point  where  Jt  was 
attached  to  the  holder.  After  6  months  of  testing  pitting  damage 
to  a  depth  of  1  mm  could  be  observed  along  the  fusion  line.  After 
year-long  tests  the  joints  were  subject  to  intense  corrosion 
damage,  and  cracks  could  be  observed  along  the  fusion  line. 

Under  variable  submersion  tests  sparce,  point-like  corrosion 
products  were  noted,  under  which  the  surface  was  shiny.  Alloy 
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AMg6  revealed  point  damage  (6-8  *  1  cm  ) .  There  were  individual 
point-like  areas  of  corrosion  products  on  the  welded  joints. 


Metallographic  studies  on  welded  Joints  of  AMg6  and  St.  3 
after  both  types  of  tests  did  not  reveal  intercrystallite  corrosion. 
General  corrosion  damage  was  observed  only  on  alloy  AMg6 . 

Welded  Joints  of  Aluminum  Alloy 
AMg6  and  Steel  St.  3  (Additional 
Alloy  Wires) 

AMg6/St .  3  combinations  with  additions  of  5%  Si  to  the  Joint 
were  tested  after  total  submersion  in  the  sea.  The  tes^s  showed 
that  the  base  metals  -  the  aluminum  alloy  AMg6  and  Steel  St.  3  - 
have  the  same  corrosion  resistance  as  in  the  preceding  case 
Intensive  deposition  of  white  corrosion  products  was  observed 
along  the  joint.  After  these  were  removed  corrosion  damage  to  the 
Joints  was  visible  (Fig.  97).  After  testing  under  variable 
submersion  the  st-roimens  had  an  external  appearance  corresponding 
to  that  of  the  combinations  tested  under  total  submersion.  On  the 
Joint  alloyed  with  5%  Si  uniform  corrosion  damage  was  detected. 

Fig.  97.  Intercrystallite  corro¬ 
sion  of  alloy  AMg6  in  welded  Joint 
of  alloy  AMg6  and  Steel  St.  3 
alloyed  with  Si  after  variable 
submersion  tests  in  the  sea  (*300). 

The  introduction  of  5%  zinc 
does  not  increase  the  corrosion 
resistance  of  Joints  in  welded 
combinations  of  and  St.  3. 

After  tests  lasting  one  year  the 
welded  joint  was  completely  covered 
with  whi  ;e  corrosion  products,  and 
when  these  were  removed  corrosion 
damage  could  be  detected  in  the 
form  of  fine,  solid  pits. 

Welded  Joints  with  1!?  beryllium 
added  showed  poor  corrosion  resist¬ 
ance.  When  tested  under  constant 
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submersion  the  specimen  was  corroded  along  the  joint  and  disinte¬ 
grated  after  9  months.  After  variable  submersion  80JE  of  the 
surface  was  destroyed. 

Welded  Joints  of  Alloy  AMg6  and 
Steel  lKhl8N9T  (Additional  Material 
ADI) 

When  tested  in  sea  water  these  combinations  have  poor 
corrosion  resistance.  After  just  6  months  of  testing  the  weld 
was  completely  corroded. 

After  12  months  of  testing  cracks  formed  along  the  fusion 
line  and  the  specimens  fell  apart.  However,  on  the  specimen 
joint,  where  the  potential  had  been  measured  for  8  months,  only 
a  deposition  of  corrosion  products  covering  an  area  of  about  5% 
could  be  detected.  Of  these  specimens  15-20  showed  pit  damage  on 
the  side  of  alloy  AMg6  to  a  depth  of  1  mm. 

When  alloy  AMg6  was  subjected  to  constant  submersion  in  the 
sea,  the  pits  were  located  under  the  barnacles,  the  rubber,  and 
the  paint  in  places  where  the  specimens  were  attached  to  the 
holder,  which  indicates  the  crevice  corrosion  tendency  of  this 
alloy.  The  described  phenomenon  is  not  observed  under  variable 
submersion;  first,  point-like  areas  of  corrosion  products  are 
noted,  under  which  the  surface  is  shiny. 

On'  tne  unpolarized  surface  of  steel  lKhl8N9T  a  thin  layer 
of  cathode  deposit  was  observed;  the  aluminum  covering  was 
preserved  a?  a  thin  layer.  Microsections  of  this  combination  for 
both  test  methods  showed  corrosion  damage  on  the  aluminum  side 
along  the  edges  and  along  the  weld;  on  the  steel  side  there  were 
individual  areas  with  general  corrosion  damage. 

The  base  metal  of  the  alloy  AMts  had  virtually  no  corrosion 
damage.  The  rate  of  corrosion,  calculated  by  weight  losses  under 


p 

constant  submersion,  were  0.0035-0.0037  g/m  *h;  under  variable 

2 

submersion,  0.U01-0.007  g/m  -h. 

No  weight  losses  were  detected  for  specimens  tested  in  the 
sea  atmosphere. 

Pit  damage  was  found  on  alloy  AMg6 .  The  depth  of  the  pit 

after  8  months  of  tests  under -conditions  of  constant  submersion 

was  0.6-1. 7  mm.  The  average  corrosion  rate  during  the  time  of 

2 

the  test'1  was  0.003-0.009  g/m  *h  for  constant  submersion  and 

2 

0.0005-0.0037  g/m  *h  for  variable  submersion. 

Steel  lKhl8N9T  when  tested  under  conditions  of  constant 

submersion  was  subject  to  pit  damage  in  areas  covered  by  barnacles 

and  where  the  specimens  were  attached  to  the  holder.  Under 

conditions  of  variable  submersion  no  corrosion  damage  was  observed. 

Steel  St.  3  was  subject  to  solid  uniform  corrosion  at  a  damage 

'  2 

rate  under  constant  submersion  of  0.1  g/m  -h,  under  variable 

2 

submersion  -  0.2  g/m  -h. 

As  noted  above,  the  electrode  potential  was  determined  as  a 
function  of  time.  Measurements  were  taken  from  the  steel  and 
aluminum  alloy  specimens  and  from  their  weld  joints  under 
conditions  of  total  submersion  in  sea  water.  The  data  obtained 
from  these  measurements  and  from  measurements  taken  in  a  3%  solution 
of  NaCl  under  laboratory  conditions  are  shown  in  Fig.  98  and  in 
Table  31.  As  follows  from  the  table,  after  8  months  of  tests  the 
combination  of  AMg6-lKhl8N9T,  along  with  AMg6-St .  3,  had  the  most 
positive  potential.  When  alloy  elements  were  introduced  into  the 
weld  the  corrosion  resistance  of  AMg6-St.  3  deteriorated,  and 
there  was  a  sharp  negative  increase  :n  its  potential.  The  weld 
combination  of  AMts-St.  3  was  characterised  by  a  more  negative 
potential  than  compounds  of  steel  St.  3  and  alloy  AMg6. 
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on  time  for  total  submersion  of  specimens 
in  sea  water:  1  -  joint  of  AMg6  and  St.  3 
alloyed  with  1%  Zn;  2  -  AMg6 ;  3  -  AMg6  and 
St.  3,  5%  Si;  4  -  AMts;  5  -  AMts  and  St.  3; 
6  -  AMg6  and  St.  3,  1%  Be;  7  -  AMg6  and 
Khl8N10T;  8  -  AMg6  and  St .  3;  9  -  St .  3; 

10  -  Khl8N10T. 


Table  31.  Values  of  potentials  E„  in  aluminum/steel 
j  pint . _ _ _0 _ 


Metals  and  com¬ 
binations  of 
metals 

Laboratory 
tests  in  3$ 
solution  of 
NaCl 

Natural  tests 
Black  Sea 

in 

3  h 

22  h 

3  h 

24  h 

8  months 

AMts 

- 

- 

0.?40 

- 

-0.680 

AMg6 

-0.604 

-0.740 

-0.675 

-0.775 

St.  3 

-0 .419 

- 

-0.300 

- 

-0.410 

lKhl8N9T 

- 

+0.131 

- 

+0.070 

+0 . 140 

AMts-St.  3 

- 

- 

-0.715 

- 

-0.650 

AMg6-St .  3 

-0.53* 

- 

-0.480 

- 

-0.575 

AMg6-St.  3  (5%  Si) 

- 

- 

-0.770 

- 

-0.740 

AMg6-St .  3  C 7%  Zn) 

- 

- 

-0.88C 

- 

-0.780 

AMg6-St .  3  0-%  Be) 

- 

- 

-0.735 

- 

-0.650 

AMg6-lKhl8N9T 

- 

-0.554 

- 

o 

IXN 

O 

-0.550 

Table  32  gives  averaged  data  for  mechanical  tests  on  the 
studied  specimens,  performed  before  and  after  experiments  in  sea. 
As  we  see  from  the  reduced  dita,  weld  joints  of  AMts  and  St.  3  did 
well  under  atmospheric  conditions.  Weld  joints  of  AMgo  and 
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lKhl8N9T  showed  the  greatest  resistance  under  conditions  of  variable 
submersion  in  the  sea. 


Additional  alloying  of  the  weld  metal  in  welded  joints  of 
AMg6  and  St.  3  under  all  test  conditions  showed  deterioration  in 
the  mechanlcrl  properties  of  the  welded  joints.  Thus  the  use  of 
steel/alumlnum  structures  is  only  possible  if  coatings  are  used. 
Lacquer  and  'paint  coatings  on  welded  steel/alumlnum  joints  offer 
good  protection  from  the  destructive  effect  of  the  sea  atmosphere. 
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